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ABSTRACTr

Aircrait fatigue -trength design and analysis concepts were Investigated
ovl LUrc iEi 5iiaf -va' IucI Is~ UL~ ,Fi zi Lyeu~urb aimu '-MZ;,uc 3LrCWI9Lh 4~i~gn-
aralysis charts.

A fatigue scatter factor is defined as the ratio of the mean life to the
i1.e for a specified probability of failure and confidence level. For design
purposes, operational life scatter factors are defined in term of the Joint
probability distribution of the applied loeJs spectra variation in a fleet of
aircraft tnd the basic fatigue life scatter represented by fatigue test data.
Basic fatigue life scatter properties for aluminum alloy materials and struc-
tures were s'atistically derived from a fatigue test data survey of over 6,000
specimens. lki.' basic scatter derived frequency and probability distributions
greatly deviate from the log Normal distribution beyond v av 2. Several Joint
probability distrihutiun modt's illustrate the procedure of calculating oper-
ational life scatter" factors. An actual aircraft service failure history is
accurately predicted Ly t.he joint probability distribution concept.

A procedure for the development of fatigue strength design-analysis
charts is outlined 3nd illustrated by several examples. The charts, in the
form of damage rate curves, art- defined by generalized loads spectra parameters
and the fatigue quality of the structural element.

This abstract is subject o special export controls and each transmittal
to foreign governments or foreign nationals may be made only with prior
approval of the Air Force Flight Dynamics Laboratory (FDTR), W.P.A.F.B.,
Ohio 45433.
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SECTIONT I

g••"-' I VTRODU CT ION

"The practical rather than purely statistical and probabalistic aspects
of fatigue life scatter of aircraft structurees concerns the design engineer
and the fatigue analyst. The simple and direct, even though only approximate,
fatijue strenith check methods Interests the design engineer when he is con-
fronted with pveliminary design problems, or the fatigue analyst when quickSapproximate life esttmats must be obtained. This report, Part 7 nf two parts
of the subject fatigue study of aircraft structures, presents discussions,
arguments, recommendations, and supporting data of the fatigue life scatter
and general approaches in the development of fatigue strength design charts.
Part II of the report presents a complete description of a fatigue life
analysis computer program in the form of a user manual.

Any discussion of analytical fatigue life prediction must firstly note
that fatigue life is a random variable and although absolute extremes of
performance levels may not be readily resolved, there is a reasonable expec-
tation of assigning same degree of reliability to life prediction. Secondly,
the meaning of the term 'fatigue life' must be clearly defined. Fatigue of
materials and, in turn, of structures is a form of progressive failure caused
by the repeated application of cyclic loads. The failure process can be
divided Into three basic stages:

1. Sub-microscopic intergranular deformation
2. Appearance of a visible crack

S3. Crack propagation

Acomplete final failure of a structural element can occur during any ofthese progressive failure stages and it will always be a static failure when
an applied load exceeds the design ultimate strength o, the element during
the first stage, or the residual strength during the second and third stages.
This concept is qualitatively illustrated In Figure 1. The structure may
represent a single load path element or a complex redundant structure, such
as the wing. Regardless of the type of structural element the objective of
fatigue strength desitn criteria should be the design of structures for a
specified operationa. life requirement associated with a realistic minimum
probability of fatigue crack initiation. Thus, fatigue strength life defines
the time interval during which the probability of initiating a crack Is a
specified low value. After crack initiation and reduction of the ultimate
strength capability of thi structural element, the problem becomes a function
of the fail-safe design criteria where the probability of the final failur
becomes a function of the Joint probability of encountering a load which
exc.eds the residual strength of the structural element. With crack propaga-
tion the residuel strength decreases and the probability of complete failure
increases. The life interval from crack initiation to the time when residual
strength reaches the design or 80% limit load level, depending on the fail-
safe design criteria, is no more the proble of fatique strength but of crack
propagation rates and redundancy of the structure. Therefore, if the fatigue
strength design objectives of any structural element weri t. design for a' !i



safe-1ife dutrinq which the probab•lty of crack initiation wh. a statistically
and realistically acceptable low vaiue. then. altn. +h,% •rwk!1•#y -

_faiiure ouring the required lifetime would be greatly miniamized.

Th .... mnufati ...... .. ,c-jq e- & cu.•,pj% are appieaU the
development of fatigue life scatter factors presented in Section II and the
Appendix. Scatter factors, with respect to the mean life. are directly
related to probabilities of feiluri and confidence levels. Section III
presents an approach for a possible development of generalized fatigue Wtrenqth
design charts In the form of fatigue damage rate curves as a function of the
applied loads spectrum parame--ers and the fatigue strength quality of the

structural element.Ii
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* SEC; ION 11

7 FATIGUE LIFE SCATTER FACTORS

_A__n,,_ _ifs nf ai, af+ ttrntirat It atatictir-al valou and rnncmwht1v

must be evaluated in this context. An estimte of fatigue life must be always
associated with a probability and confidence of attaining it, i.e., the relia-
biliiy ai the specified iife.

Fatigue life variation of aircraft structures, as represented by a group
* of aircraft, supposedly identically designed and manufactured to perform a

specified envelop of missions, is a function of two pvrncipal variables. In
general terms. ih f~vo variables are:

1. The applied loads and the enviroarent in which the aircraft operate.

2. The structural fatigue strength response under identical loading

and environmental conditions.

In the case of fatigue analysis and design of aircraft structures for
specified life requtrawmts, the two variables must be considered jointly.It should be noted that In the analytical calculation of fatigue lives, the

inaccuracies of analysis methods, or more properly, of the cumulative damage
theories used, should not be considered as a contributing factor in the
statistical evaluation of the predicted life. The life prediction cumulative
damage criteria is a problem In itself and must be treated independently from
the statistical evaluation of the actual fatigue life scatter. This study is
concerned only with the statistical aspects of fatigue life scatter apart from
the inaccuracies of fatigue life prediction methods. The problem delves only
with the question of what is the fatigue life scatter magnitude and distribu-
tion.

Of the two principal variables contributing to the scatter of fatigue
lives, the structural response can be studied independently of the other
variable in the form of laboratory fatigue test results. This Is true,
because test samples can be composed of identical specimens tested under the
same loading and environmental conditions. The life scatter exhibited by the
laboratory test specimens is to be defined as the Obasic fatigue life scatter'
and it reflects the effect of material and manufacturing tolerance variables
on life scatter.

Life deviation from the mean value is often defined in term of "scatter
k factors", "fatigue safety factors", etc., etc. The name is not i ortant.
SHomever, the meaning and magnitud of these factors is too often cloue by

the divergence of individual interpretations commonly dictated by the objective
of attaining a preselected result. Thus, an examination of the actual meaning
and application of the fatigue life scatter factors In the fatigue analysis
and design of aircraft structures is in order. First, let us define the
fatigue life scatter (or safety) factor, in the most general form, as,

5.:' .",'.



L SFI! (1)
ir -- r

where, i. Mean Life; subscript c refers to the confidence level.

Np a Life associated with a probability of failure, p, or a
reliability level, R, where R - I - p.

Life, N, may represent load cycles, time-flight hours, or any other applicable
measure of life. Fatigue life is defined as the time required to initiate a
crack which would tend to reduce the ultimate static strength capability of
the structural element in its virgin condition. This concept of fatigue life
is discussed more fully in Section I, Introduction. Therefore, design of
aircraft structures for specified life requirements implies a design with a
minimum probability of crack initiation in the specified lifetime.

There are three basic parweters which must be known in order to define
the fatigue life scatter statistical model: mean life, standard deviation,
and the frequency or probability distribution. The variable In question, life
N, is generally transformed to log1oN in the calculation of these parameters,
where, for a given sample of size n, the sample mean and standard deviation
are calculated as,

log N1 - Arithmetic mean of log lives

- (Z log N )/n. J w 1. 2. ... n (2)

N , % g eom e tri c m ea n l i f e

(NfI x N2 x .. . . N )l/n (3)

- Antilog (log N1) (4)

S Standard deviation of log lives

Et [E (og .j - N) 2/(n - 1)], (5)

Generally, the Mormal-Gaussian frequency distribution with the life log trans-
formation is used to approximate the fatigue life scatter, where the frequency-
density distribution Is,

V (log Nl) *(/4 2 )e*((og NJ " l(6)N)/ 0]a/Z

where a and r•-o- are population parameters. However, because of the differ-
owes between the Normal and fatigue life scatter distribution in the extreme
value ranges, a nuber of other frequency distributions have been proposed ,'or
the statistical analysis of fatigue test data, such as the WIabull distribution
function. Reference 1, and-the "extrme value" distribution used by Freudenthal

S•.4.
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and Guwbel, Reference 2. One result of this study is che derivation of an

empirical frequency diistribution expression for 0.ie hasic fatigue life scatter
of aluminum alloys bRsed an a large collection of fatiguA test data, as
described in the Auoendix.

"In all subseuent discussions, reference to the Normal distribution or
....t ..rd dC.:t... will ,,,,vy the lag Iu,,,f., uWJ1 •Lr u .uo aiid nhe iog standardt deviation. Also, R, as calculated by equation (3) or (8) will be simply referred

to as the mean life dnd, unless otherwise noted, will imply the median life.

1. Fat!iue Life Basic Scatter

If a fatigue performed on a number of 'identical' sperimen,
loaded by 'identical' cyclic load time histories in a constant environment,
dhe resultiig lives, whether they are defined by the time to crack initiation
or final failure, will not be 'identical', they will exhibit a certain taount
of scatter. The scatter is due to the fact that neither the specimens nor
the loadings are truly 'identical'. Allowing the freedom of saying that the
loading is identical' for all practical purposes, the scatter becomes a
function of the detail diversities of the specimen: variation of the material
properties and manufacturing tolerances on the macro and micro levels. The
existence of these variations is real and the resulting basic scatter in the
fatigue lives of materials arnd structures is inescapable.

In order to define the typical fatigue life basic scatter of aluminum
alloy materials and structures, a survey was mWe of 1,180 fatigue test
samples representing 6,659 specimens. The description of the test data and
the results of the survey• are presented in the Appendix. The objectives of
the test data survey were to check the validity of the Normal frequency dis-
tribution as it applies to the basic fatigue life scatter and to define
representative standard deviation values for aluminum alloys. The results of
the survey were:

1. The Normal distribution !s not an accurate representation of the
fatigue life basic scatter, in particular for lives beyond 12a from the mean,

-i jsee Figures 21 to 31 in the Appendix, where a is the population standard
deviation. On the basis of the test data surveyed, the followiag expressionswere derived as representative of fatigue life basic scatter,

F trequency Distribution:
-d1 I xj -d2 Ilxi -d3 lxi (

f(x) M CIe + C2e + C3e -3)

where,

X a (log N - I-•-N)/0ý

a- [r(log N - rl-gN) 2/(n-l)])

and,

f(-.)- f(x)

l7
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Cumulativ. Probability Distritaution:

F(-x) - le I x, -+ 2 Ae 2 + dA eXI X(

and,

where A, C, and d are constants, a function of a, with a recommended upper
limit of a * 0.75:

AI A I.,587vad - 1.3 + 0.86 %"

A2 - 0.015 d2 a 0.28 + 0.44va-

A3 w 0.485 - 1.687%/f d3 a 1.09 + 2.16vo-

and,

C1 - AdI, C -aA2d2  . A3d-

The differences between the Normal and the derived distributions are clearly
Illustrated by Figures 32 and 33 In the Appendi-. Table I presents probability
of failure values of the derived distribution for selected a values. If it is
assumed that the basic fatigue scatter has a universal distribution, then,
eqdations (7) and (8), based on aluminum alloys test data, can be also con-

red to be applicable to other materials.

2. Under constant amplitude loading the standard deviation varies as a
function of life and specimeni type, see Figure 38 in the Appendix. These
standard deviation values are recomended for use as representative population
standard deviations In the statistical evaluation of fatigue test 5-1 data.

3. Under spectrum loading, a population standard deviation of 0.14 Is
recamended for jse In the statistical evaluation of the basic life scatter
of notched smeCimme and structures.

If, for the woment, the population true man life, N, and the standard
deviation, a, are assumed to be known, basic fatigue life scatter factors vith
respect to the man life, for a specified proba'ility of failure, p, can be
calculated as,

SFIp - W/N p f9)

Np - Life corr•tponding to a specified probability of failure,

. ... .. .. ... .. .. .. ... .. .. .. ... .. .. ... ... .



where the relationuhlp between N and N is,

- and the scatter factor can be calculated as a function of ep and a,

pp

log N p - log N m - a

lo N -logO

a (MON) Antilog (aie), Np

' ~Figure 2 presents the ban;ic fatigue life scatter fac~tors with respect t
Sthe mean life, as calculated by equation (11), for the Normel and the testSdata, eqfation (8) probability distributions for selected values of a.

The relatively large differences between the Nor~al and test d"to distrtbu-ateon scatter factors as well as the htgh scatter factor$ of the test data

distribution at low probabilities of failure must b*vi• in the light of
relatively large samples of date, In effect, theoretically, of saimple iizes

S~approaching infinity.

S~1.1 Mlean Life Estimation. If a number of tests are performed an
S* .denticai'r pecimen under 'ietical ' loadings, the resulting test data

sample of stze n provides Information for the estimation of the Intervals
or regions which, with a certain confidence level, can bt expected to contain

S~the true population pairameters of" interest: mean life, N, and studard
Sdeviation, ao. The Interval decreases with increase in sample size and

decrease in confidence level. As pointed out in References I and '6, for

Se•an reasonable estimate of the population parameters. saple sizes of at .
least a a 3 or 4 and n - 10 are needed for the estimation of I and a,
respectively. The concept of a confidence interval is often stated as:
"For a given confidence level, c, the probability that the t•rue population
parameter lies within the Interval so calculated, is c.0 In other words,if the Intervals with confidence level, c. were calculated for o large

number of samples v•tch came from the some population, the true population
paramter would be included ti 'c' per canL of these Intervals.

For the populartion which is normally distributed, the pulat, iton
man confidemcA Interval or region can Ibe calculated free the sample data in
a ,muler of different ways which, unfortunately, give the same namber ofdifferent rults. Before lsting several of these exp(s1)ns, it shoud be

2:•

th-enlfascluaey qain(1,- .o h omladtets

daa.eqlaio ()prbailtyditibtinsfo slctd alesofa

L



noted that in the fatigue life ca!:iflatlons and predictions the main lnterest
lies In the lives shorter than the mean and associated low probabilitt!s of
failure. Crnsequeily, there is no reason to consider the confidence on an
interval, but rather, the confidence on the minimum value of the interval. In
the following discussion, the notation for confidenco. r. wlVI imnpl y h
singular confidence limit, where the relationship between the confidence
interval level, y, and c, is

c - (1 + )/12 (12)

where, c and Y are pruportions, 0 c (c, y) < 1. The most generally used
expression for the cAlculation of the confidence intervel minimum mean life
is, per Refe.-ence 1,

log Nc - To-g1 - tc (Si/NJi) (13)

where.

n- sample size

l--9N 1 = sample mean

(Z lo9 Nj)/n, J • 1, 2, 3 ... n

*J
S1 - sample standfird deviation

- [(t (log N" " log 1 )2 )/(n - l)]

tc Student's t distribution t value for (n - 1)
degrees of freedom and confidence c, Ref. 1,
Table 29. (In Ref. 1, c a od.

Another expresston, based on the concept of confidence region, and a joint
estimate of the population mean And standard deviation, as defined in
Reference 7, can be written as.

-c- - -(= S1 )/[M (x 2/df)J (14)

where,

-MI Number of -standard deviations from msan correspondingC'm1  to (1-c 1 ) cumulative probabl•'ty of failure; IxI In

Figure 32.

cI Mean life confidence level
!2

d (X /df) values, Ref. 1, Table 30, corresponditn to

* (n - 11.degrees of freedom for 100 (1 c2) percentil-

10



C, C. C? confidence level nf the rglinr

( deviation" con'f'i'dence level•

t 'hra eypression, based an a knowA peIon stan:ard deviation, a.
can be written as.

log Nc log N- mc!/n)

where,

m Number of standard deviations from mean corresponding
to (1 - c) cumulative probability of fatlure; lxi in
Figure 32.

This expression is based on the fact that if random samples are chosen
from a Normal population, then the quantity

(log N, - --ogN)/(o(uM)

is Normally distribLted with zert mean and a standard deviatiun of unity.

As an illustration of tU•, mean life estimation by the three expressions,
equations (13), (14) and (15), two typical aluminum alloy constant
amplitude loading fatigue test samples are chosen:

Sample 1 Sample 2

Ref 7 35

Specimen Notched Sheet, Kt - 4 Riveted Lap Joint

n 13 3

log No 5.05 4.927

N 112,000 84,500

S1  0.335 0.091

Calculation of the expected population mininui life for the confidence level
c - 0.95 gives •ne following results for the first sample:

S (•:q. (33), Studet's t distribution,

T1 c -N 5.05 - 1.78 (0.336/jT-) m5.05 -0.165 *4.885

L 76,700 cycles
C

I) ( o,,,.1



Eq. (14), Confidence region, joint probabillttr confidence,

c a c1 x C2 - 0.975 x 0.975 = 0.95

log Nc - 5.05 - (1.96 x 0.335)/[(/-V1) (0.367)] = 5.05 - 0.301 = 4.749

Nc = 56,100 cycles

Use of Eq. (15) requires the knowledge of the population standard deviation,
a. If the a values calculated from very large samples of test data, such as
those presented by Figures 34 and 35 in the Appendix, can be assumed to be
representative true population values, then the mean life estimates by
Eq. (15) become,

a = 0.35, Ref. Fig. 34, based on notched specimen data for
N= 112,000 cycles

log Nc = 5.05 - 1.65 (0.35)/T-i3 = 5.05 - 0.16 - 4.89

N = 77,600 cycles

or if, - 0.29, Ref. Fig. 38, based on combined unnotched and notched
specimen data for = 112,000 cycles

log c = 5.05 - 1.65 (0.29)/1VI = 5.05 - 0.133 = 4.917
.A

Nc = 82,600 cycles

Similarly, for the second sample, population mean life estimates for
c = 0.95, by the three expressions are:

Eq. (13), Student's t distribution, N = 59,400 cycles.

Eq. (14), Confidence region, joint probability confidence, N = 19,000 cycles.

Eq. (15), Population standard deviation know. (a = 0.14 for structural comDo-
nents at N1 = 84,500 cycles. Ref. Figure 38), Nc = 62,200 cycles

If we tabulate the results of the two samples,

Sample 1 Sample 2

1 •13
Si 0.335 0.091
rO112,000 84,500

Eq. N ( ii/c -Nc (Ni/N)

13 76,700 1.46 59,400 1.42

14 56,100 2.00 19,000 4.45
S 0•5 77,600 1.44 0.14 62,200 1.36

.5 .29 82,600 1.36
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and define (NVNc) - SFIc as the scatter factor for the population mean life

estimation with respect to sample mean with confidence c, we observe that
equations (13) and (15) define approximately the same population mean life
estimates whereas equation (14) gives a rather conservative estimate. Of the
three expressions, equations (13), (14) and (15), the strongest estimator is
equation (15), provided the population standard deviation, a, is known. Fqua-
tion (14) is a wpak and conservative estimator based on confidence interval
estimates of the population minimum mean and maximum standard deviation values.
Consequently, when the population standard deviation is known, such as the
values presented for aluminum alloys in the Appendix, use of equation f15) is
recommended for population mean life estimates. Use of equation (15) with the
derived basic scatter ditsribution, equation (8), mc= -xi values, is also

recommended. One other advantage of equation (15) is that mathematically the
mean life estimate can be obtained from a sample size n = 1. When a is not
known, then equation (13) should be. used for mean life estimation. This pro-
cedure of estimating the population mean life for a specified confidence level
is recommended for the establishment of the median life S-N curves used for
cumulative damage calculation and life prediction. When a structural element
life is predicted analytically using the linear cumulative damage rule, the
predicted life, correspondingto damage of 1.0, can be most correctly taken
to represent the median life Nc with the confidence level c of the S-N data.

1.2 Scatter Factors with Respect to Sample Mean Life. Given a sample
of size n and the sample mean life, NH, and standard deviation, St. as calcu-

lated by equations (4) and (5), the life Ncp, corresponding to the probability

of failure, p, and confidence level, c, can be calculated in a number of
different ways, similar to the estimation of the population mean life. Again,
for comparison, three different expressions are presented for the calculation
of N cp, assuming that the sample comes from a Normally distributed population.

. Based an the non-central t distribution, Table 33 in Reference 1,

presents 'one-sided tolerance factor' k where,

k - f(n, p, c)

andc

log l Ni - kcp S1  (16)

where in Referenc! 1, Table 33, p - percent survival and c = y.

2. Based on the concept of the confidence region and a joint
estimate of the ropulation mean and standard devIation, as defined in
Reference 7, using eqqation (14) for the populationa mean life estimate and

.•, ,;•, .....•hlp of equation (10) with a S d
2

of quti n (0) wih a = 1(



log N -logH N mpa
cpC p

- log N - [("c st)/.4i (x2 /df)"] - (mp St)/(x2/df)c
1

log NH - [Sj/(x2/df);] [mcl/VF) + m 17)

where,

c - C1 x c2 and the other parameters as defined for
equations (10) and (14).

3. If the population standard deviation is assumed to be known,
then, using equation (15) for the population mean estimate, and the relation-
ship of equation (10),

log N cp = log M c - tarra

- log N1 - ("na/4 fi)

-a g -a[(mc/4h) + mp (18)
; scatter factors with respect to the sample mean, based on equations
(16), (17), and (18) are,

SFC. J (aiNimcp)

= Antilog (Sikcp) (19)

z Antilog [S O(x 2/df)c;2 [mc /qrnl + mp] (20)

- Antilog a U(mc/V/n) + m p (21)

Table 2 presents scatter factors, based on the test data samples used for the
, :- life estimate illustration, as calculated by equations (19), (20) and
(21). Similar to the population mean life estimate expression, equation (14),
based on the confidence region concept, equation (20), based on the same
concept, is a weak and unrealistically conservative expression for the cal-
culation of basic fatigue scatter factors with respect to the sample mean.
Equation (21) is the strongest and most general expression for the calcu-
lation of such scatter factors, provided, the population standard deviation,
a, is known. Therefore, when a is known, such as the values for aluminum
alloys presented in the Appendix, use of equation (21), together with 'the
derived basic scatter distribution, equation (8), properties for m andJ
values, is recommended for the calculation of the basic fatigue scittev
factors. Table 3 presents scatter factors calculated by equation (21), o
S0.14, for selected values of n, c and p. For comparison purposes, the scatter

j ......- calculated on the basis of the Normal and test data derived,
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equation (8), distributions. The difference between the two distributions is
clearly illustrated in Figure 3 for c a 0.95. The ste. •rd deviation of o
0.14 is a representative population standard deviation value for aluminum
alloy notched specimen and structures under spectrum loading, see Appendix.

2. Fatigue Life Scatter Under Operating Conditions

Fatigue life scatter of a structural element in a fleet of aircraft, ih
addition to the basic fatigue scatter, is also a function of the applied loads
and environment variation between individual aircraft. No two aircraft experi-
ence 'identical' loadings or environments. Thus, the probability of failure
of a structural element in a fleet of aircraft is a function cf two variables:

. BGaic Fatigue Scatter - N
2. Applied Loads - Eivironment Variation - L

Consequently, the probability of failure of a structural element in a fleet
of aircraft at a sp-cified life Nj is a Joint probability distribution func-
tion of two dependent variables:

pN) -p(N L) E p(NjILt) x p(Lt) (22)

where, p(N jLi) - probability of failure at NJ given Li

- p(N Lt)/p(L1 ) (23)

= basic fatigue scatter

p(L1 ) - probability of occurrence of Li

applied loads - environment variation.

Then the cumulative probability of failure at a specified life Nj, i.e., the
probability of failure in the life interval 0 < N s Nj, is:

P(Nj) - p(Nj) (24)

The cuncepts of a joint probability distribution and the caldulation of
cparational life scatter factors are illustrated In Figure 4. Here, the
c:)ncept is presented for the discrete case where the probability p(L 1 )
represents the probability of experiencing load spectrum Li, where L i may

represent aft average load spectrum over a discrete interval ALI, and the
probabilities p(NjILI), p(NjLi) and p(rij) represert the probability of failure
over a discrete life interval AN The calculation of the operational life
scatter factors consists of five basic steps:

D. cfinition of the applied loads spectrum probability distribution,
L Jz. .. ,. is a m•asure of the spectrum magnitude.



2. Calculation of life probability distribution for each Li spectrum,

P(NIlLt). The procedure consists of calculating the mean life, Nt, for each

specified applied loads spectrum, L., and then calculating the probability

distribution with respect to the mean, using an-acceptable basic fatigue

scatter distribution. Calculate the p(N3jL) values for each distribution

corresponding to the same Nf interval.

3. Calculation of the joint probability distribution,
p(N Lt) - P(NjILt) x p(L).

4. ;alculation of the operational life probability distribution,
p(N )- 1p(N L.).

5. Calculation of the operational life scatter factors,

c (Nc/Np) (25)

w;tere, Nc = Mean operational life corresponding to Ep(Nj) = .5

p - Probability of failure, corresponding to a specified
life N•. from the cumulative probability distribution,

c = Confidence level of the basic S-N datU used in the life

prediction in Step 2.

The cumulative probability distribution Ep(Nj) can be obtained directly in

step 4 by calculating the conditional distributions p(N ILi) in step 2 as
cumulative probabilities.

The unknown in this prcblem is the p(N') marginal distribution, given

the applied loads, P(Li). and the corresponding life, p(N jIL) distributions.

However, i f It can be assumed that life prediction for a specified loads
spectrwn, LV, is possible and the basic fatigue life scatter distribution is

: the real unknown of the problem is the applied loads distribution.
p(Li). A truly statistical treatment of the applied loads spectra variation

among individual aircraft in a fleet of aircraft is almost nonexistent.

However, a r-cent paper by Bouchard, Reference 3, indicates a growing interest
in the area of individual aircraft applied loads spectra, and it is hoped
that in the future the appropriate agencies collecting operational loads
data will evaluate and present the data in terms of individual aircraft
experiences. From such data, it would be possible to constru,;t applied
loads probability distribution models for specified types of aircraft and
missions, or a mix of missions that a certain type of aircraft would be
expected to perform. A complete definition of the operational loads spectrum
:oul,• ,cluu.e at least:

"" 3.-ntal loads spectrum frequency and magnitude.

tI



L ~ ~pra~un. uioag *0.5 .gniiuae ella Trequency.

[ ~ 3. Landinq freouencv.

It must be also noted, as an obvious concluslon frorm the above disc'.;slon,
that for most aircraft and structural elements. 'flight hours' is not the

abslut m'asreof hefatigue life. Life measure In terms of 'flight houes'
must be always associated with the various applied loads spectru~m pow nters,

Seiaic do r ; tune me 'iffe uf lije structursi emi~t.
For the purpose of Illustration, Figure 5 presenft a Joint prob.ability

distribution model based on the following assumptions:
1. Applied loads spectrum distribution, p(LI) is Nonnil.

?.Conditional life distributions, p(NjILi) art log Normal and have
the sa's log standard deviation, a NI)

3. Thqt.fin liftJ"g NI, of p(N ILI) distributions varies linearly with
').. where log Ni~l - o i- "NIL. I is a purely hypothetical assumption
and In retrospect defines the magnitude of Li values. In real problems,
'ii - f(Li).

4. The p(Li) and p(NjILI) distributions were truncated at it 3.5a.

Because of th assumptions made in constructing the probability medel of
FigreS. heresuIl'ing joint distribution is aBivariate Nom~l Pistrh~ation

andOn argnallife distribution, p(N) is also Normal. The subject of the
Bivariate Normal Distribution is discussed In Reference 4 by Noel. The
Iqiortant propertios of the Bivariate Normal Distribution are; the makinial.
conditional,. ýd the joint distributions are Normal. all conditional distri-
butions have the same standard deviation, and the sman of the conditional
distributions varies linearly. All of these properties must be- 4 4.*t 4fU"
marginal life distribution p(N) is to be Normal. However, In most realistic

oeaional life probability problems all properties of the Bivatlate Normal
Dsrbution will nots be satisfied. principally, the normalit of the p(L.

distribution and the linear variation of the mean of the p(NIL) distributions.
As stated earlier, the marginal life distribution p(N) of Figume 5 Is log
Normal and the resultint, properties of the distribution and the operational
life scatter facters can be calculated In the following manner:

1. Te sattr fctos, F~ccan be directly calculated frw.
the marginal p(N) distribution, Aaere

V - Narghmzl distribution mamn life associateed with thme cmnfidinec
levelo C cIfS the basic S-11 data used in calculating the conditional I;stri-
bution moan lives, N.

N p Antilog (lcq Me - 'pNILd (26)
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wherg, m - Nmber ui e.. ct•-.ua,% doeviatiom fri the mean, NM, corres-
.:; to MA~ probability of failure. p - zp(Nj) in Figurt 5.
lo Nj -10--9

I,. 0NIL

and. according to equation (11),
SFIp (-N (•/Nep, -Antilog (imp[O#!L), N p .9 Nc

pp

This is a gvneral expression for cWerational life scatter (actors Item the,
joint probability function Is Bivariate Nomal. It should be noted Ohat Sp
refers to the c=61tiona1 01stribution, p(WIL), stedeord deviation ON L
and not to the marginal life distribution p(N) standard deviation ON.

2. The standard deviation, oa, of the p(f) diutribution can be cal-
culaWd from the general properties of the Bivariate Mormal Distributior
as presented in Reference 4:

ON "NIL

where, p - cNL/01L correlation coefficient (26)

0WL " Coveriance of the JAMnt distribution

"•; (N•- ) (L1 - i) p(ftL,) (29)

16mweer, a. can be easier calculated by the expre.sic-,

(30)
GO (MýONOm

w "biier of 9i from the mean, ormsporýdlng to p - Ep(Nj)

in the marginal life d trtibution In Figaft 5.

ap~ Nim~ of a from U" mean ef a NowuT dietribution
corresponding to p - rp(Mj) This value can be obtained

.rm. itipre 32 in the Appenidix, S. -jXI.

hor the Joint. distri~utica oi' Fioure &.,for pý! x~p.(q 1 ) w,0.0415,2.

, 2.5s .75" 1.43 91111,31
"N NIL/,

'41 I • -- i• ';"' i" •i Jis i i i i



ibus,. for the assumed p(L) vt1strilmtion ard th• resuiting Nt variation, this

expr:, .son for aN is vwlid for dny a NIL valuj' which is const3nt for all p(NIL)

" iriiuiiuns. Cinse.uentiy, -tý operaTional iire scazter ractor% in terms of
aN can be calctLated as,LN

S Ani log (rpqN) , (32)CF;• p p,,c ', p

- Antilog (l. 4 31mp INIL)

In the fatioue tesý data survey, as presented in the Appendix, aNIL - 0.14

was found to be representati-e of the basic fatigue life scatter of notched
specimen and structures under srectrum loadings; also a a , 0.20 was calculated
for the test life scatte- under spectrum loadiiigs of full-scale structures which
had experienced previous service loadings, and thp)s, the value of a - 0.20
reflects not only the beA-c fatigue scatter, but also the variability of
applied loads spectrum of Ireiividual aircraft. It is interesting to note thAt
ftr the Joint distribution of Figure 5, for a value of ONIL - 0.14, aN a 1.43

(0.14) - 0.20. This apparent correlation of the two values with the test
data survey results can be considered to be coincidental, since the Joint
distrikbtion was based on pi-ely hypothetical a3sumptions. Neve.rtheless,
it indicates that the concept of the operational life scatter as a function of
the joint probability distribution of the oasic fatigue scatter and applied
loads variation is a realistic aprroach for the establishiont of operational
life scatter factors. The values of the scatter factors for aN .20 of a

Normal distribution can be airently read from the a - .20 cýi-we of Figure 2.

If the Norma conditional life distribution, p(NIL), In Figure 5 is
replaced by the basic fatigue scatter distribution derived from fatigue test
data, equation (8)- aNIL - .14, the resulting Joint and marginal life dis-

i tributions are shown in Figure 6. The resulting operational iUfe scatter
fa'ctors from the two Joint distributions, Figures 5 and 6, aN| .14 are

shown in Figure 9. The probabilities of failure of the two distributions for
selected scatter factors are:

SF A IN/ r Probability of Failure- %

Bivariate p(L) - Normal

Normal p(NIL) - Test Data, Eq., (8)

,. 19.0 17.0

6.0 5.7 6.4

3.0 .83 1.2

4.0 .13 .46
5.0 .02 .25I 19

II



As a final illustration of the operational fatique life scatter Joint
pro 'ab.i~tt distribution concept, a military trarspert aitrc ft service
jdilure history case was considered. In the course of fatigue analysis of

this aircraft, Reference 5. service records indicated thIt the ,t4l4tatln!i
o0 the aircraft, as It affects fatigue life, varied greatly for certain
groups of afrcraft. All aircraft were divided into five groups according
tA their 14t4VA . .i s WarrJd*..---- 1......

for the five groups. Table 4 presents d general description of the five
utilizations and the resulting predicted mean lives for the wing spar cap
elament at a structural discontinuity. Figures 7 and 8 show the joint
probability and marginal life distributions based on the applied leads
distribution, p(L 1), and the mean lives, Ni, of Table 4. Both distributions

are based on UNIL w .14; however, Figure 7 is based on p(NIL) Normal, while
Figure 8 p(NtL) distribution is the test data distribution, equation (8).
The joint distributions are not shown for lives N ) 30,000 flight hours
since the main Interest lies in lives shorter than the mean. The resulting
scatter factors of the two distributions are shown in Figure P. The most
interesting aspect of these operational life scatter distributions Is their
comparison to the wing spar cap service failure history. When the fleet of
approximately 395 aircraft were inspected for fatique cracks in the wing spar
cap, 44 of the subject elements were found to contaln cracks of various
le.-.*hs. At the time of inspection, the fleet average fliht time was
approximately 11,500 flight hours. Individual aircraft fl "ght tiw. ranged
from approximately 7,000 to 18,000 flight hours, Table 5 presents the flight
time history of the aircraft at inspection and the service and predicted fail-
ure distributions. A fairly good agreement exists between the predicted and
the actual total number of service failures: 19 predictud versus 44 actual
failures. The failure probability distributions, as shown in Figure 10 exhibit
good agreement between predicted and actual failures in view of the accuracy
of fatigue analysis life prediction and lack of detail Information about
service failure crack lengths. It is to be notid that the theoretical proba-
bility distributions predict visible crack initiation wheress nmerous service
cracks had propagated beyond this stage. Thus, in view of the fact that a
number of service cracks must have Initiated at an earlier time thmn they were
discovered during the particular fleet inspection, the probability distribution
of Figure 10, based on p(NjL) test data distribution, its considered to be a
valid representation of the fatigue crack tnitiation life distribution. TpI-
cal scatter factors and associated probabilities of failure for this operational
life distribution, see Figure 9, are:

SF - IfN EP( -

2.0 4.1
3.0 0.85
4.0 0.3V

In conclusion, It appeats that the operational life probability
distribution, based on the joint probability distribution of the basic
fatigue scatter and applied loads variations Is a valid concept, and perhaps
dwe most promising concept in defining operational Iife requireemnts for
fatigue analysis and design of aircraft structures. If an operational life

______20
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joint probability distribution uK~de, can be construtted. flS 11l~U'Kt',8M

F~gurd 4, then all of the probability of failure~ informaatIon about a fleetI
of aircraft is completely definee:

Li~ ~(N10" cumulative probabilit~y of failure in a fleet of aircraft at

time N~. I .e.. 1p(N4) specifies the proportion of th'p floet,

that can be expected to initiate a fatigue crack in a structural
Lelement umder consideratior in the time interval, 0 < El :n N J"

~P(NjIL1) -cumulative probability of failure at time N, of an aircraft,

or a group of aircraft, tiven that the aircraft experience
I ~the appliled loads spectrum LI.

Zp(N L) -cumulative probability of failure at time N in a Teto

atrcraft due to spectrum L,~ with the assor 4ated preiability

P(L1).

O1Nj) p(Nj1L1). p(NjLi) - probabilities of failure, as defined above,

duaring the time interval N~ & N.

zp(N) .50 Specifies the median operational life of the fleut.
i.e., it is expected that half of the structural
elements under consideration in a fleet of aircraft
would exprience fatigue failures, crack Initiation,
by the time the flIeet reaches I Ife M a ~

It is extremely questionable whether a single joint distribution can be
derived to repm..ent the operational life distribution of any fleet of air-
craft. The operational life distribution is a function of the applied loads
Spectrum variation within a fleet of aircraft, and this variation Is not
necessarily identical for all types of aircraft. It is probable that a study
of the applied loads spectrum variation of many types of aircraft would indi-
cate a stindairdization of the p(L)* distribution for different types of air-
craft, and can, uetl *standard p(L) distributions could be uused !n the
fatigue design and ana ysis of any fleet of aircraft.

2.1 Newn Orationgal Life. The concept of thu ,man. or morm properly,
the medUianSerVi1ce oeaIiiii~fT life est1,jiate of a strT~tural elewnt for a
fleet-of aircraft is self evident in the operational life Joint poabilitkv
distribution presentation in this sectinn. The median life, NC1. is the Wj
value-which corvesponds to -pN, .50 In the mArginal p(N) distribution.

The confidence level corresponds to the confidence levol of -the "-~ data
used in calculat~ing the mea lives, I , of the conditiongl life,.p(NjjLj. I
distributions. It is obvious that this does not reflectl the cmifidqie lev&l
assigred, If Mn, to the p(LI) distribution. However,' If a confidence J~vc)

is defined for the p(L,) distribution, then the operational awdian 1ifi
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CEmflTa(3ce level I, would correspond to the joint probability ot the two

confdent ovels C.x CIL'It is to be noted that the median operational
1;' j umu m neLe~5ariiy ;uu-espuflU W 'ie mean or average appiiea loadsSspectim. L. Thus, pre-dictiein of the ~r ' life an the hari's M' average ut111-~

zatlon spectrum does not necessarily irr that the aredicted lifo is the r
mt-iank or Ptan operaltirrnal life.

3. Operational Life S~atter Factors and Flaet Size

In the preceding discussions of the basic aind operational fatigue lifescatter, the frequency and probabillit'ý dist.ributions were defined for" popu-lations approaching infinity In size. Hvy.*ver, when dealing with aircrait
fleet sizes. the sizes ire finite an~d generdlly will range from 50 to 1,000aircraft. If a structural element in a fletA of size n was allowed to fail[in all aircraft and the time of each failure was noted, then, by arranging
the time to failure in increasing order, the failure distribution can be
plotted as

j( EfjI (n+l) j -l12,3...n (33)

The life of the first ftilure, ht1 , can be related to the mean life of
all failures. S. in the form~ of a scatter factor, SF N/Nl, where p F(-
from equation (33). Thus, if F(N ) distribution is Compared with the popula-
scatter factor, SI.for a probability of failure p - F(H1), would defline

the time t~o first fa~ihre.

It is obv~ious that for symmetrical ai~rcraft structures there are two
identical structural elements per airplane. Thus fel- symmetrical structures.
tie sainple ~size which must be statistically evz~luated is twice the fleet size.
Consequeritly. reference to a fleet of size n Implies the-sample size of all
idimtici' structu~ral elemaents, wt!ere the word 'identical' .emns identically
designed and loaded elements.

Tahlq 6 presents tcaittr factorx for the tim. to first failure as calcu-lated for different fatigue life discributions in this report and as calculated
bY Freudmnthal in Refertnce 6 for 0NIL a .14 and fleet size n a 20 to 1,090O.
The scatter factors, as calculated in this report, are shown for the Normal

an tatdt eivdasrbtiasfrde basic fatigoo scatter and opera-K
""ma Mfe with 95I% confidence from, test data sample of n a3, liere, tis iv,

earler orZ iplronof h ,-ml4dts aidevddssi i; ,te

Noma ditiuin22gnrlrslsIn6riievtv cte atr

th itt is alr.I sitpetn oýoq htte4 g

bae ntedrVodts aadsrbto fti eotadt oo

ftfiarence~ 6 alhog bae -dffrn 1tiuin n ~i aa r
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fatigue catter mc•ei1 of this report and those of Reference G ýire ,i.
surprising sir.-P notf values ire baed uoi numwrwihat, .owiial 1Ifi

distributions. However. the similarity of the joint distrtbuLis.i :-uatte.r
TUci. _ -i.... -1 J -L f1I UI,. .U 1... .. I UW C

dental, since thoi joint distribution factors are a function of the applied
loads sDectrumn distribution which can vrry for different fleets of aircraft.
Therefore, the joint distrlbution , -. opt appears to b," the molt realistic
approach for the calculation of the first time to failure scatter factors for
a given fleet of aircraft.

4. Scatter Factors and .je)i.si Life R.quirernents

The followino procedure is recommended for the specification and verifica-
tion of fatigue life design requirements:

1. Specify the required life, NR, where, R * (l-p). is the desired

reliability and p is the probability of failure at time NR

2. Define the expected fleet utilization in terms of mission profiles.

3. By analysis and/or testing establish the fleet mean (or medianl life
N for a desired confidence level, c.

4. Calculate the scatter factor SF1 for the specified probabliity ofP
failure, p.

5. Calculate the life, Np, corresponding to the specified p.robability

of failure, p, as: Np - i/(SFIp). When the life estimate Is directly based

on the structural element test results, where the test spectrum represents
the mean life environment, steps (3) and (4)_can be combined by calculating
SNp directly from the test sample mean life. NV, in conjunction with

SFIP. (pC ). Samples of these scatter factors are tabulated in Table 3.
pi

6. Calculate the fatigue life margin of safety ds, I
L!

MSFL (Np/NR) -l(34)

S7. A MSFL ? 0 Indicates that the design life requireent has been

satisfied. If KS > 0, the probability of failure at the required life is

less than the specified value and It corresponds to the probability of failure
associated with SF - (N/NR). Also, subject to other strength reuirements,

a MSFL > 0 indicates that structural weight can be reduced by increasing the

design stress of the structural element to a level which would result In

SFLi-O.

9 23
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8. A NSFL< 0 indicates that the design life requirement has not been
fulfilled. The structural element must be redesigned by improving Its fatigue
quality and/or by reduction of the design stress level.

In the above outline of the fatigue life design criteria the aspect of
the desired reliability for the specified design life requires further clari-
fication and discussion. Two approaches can be taken in specifying the desired
reliability. One Is the concept of fleet size and the time to first failure.
The other approach is to specify a general reliability level regardless of the
fleet size. Since scatter factors are directly related to the reliability,
or more properly, probability of failure, p, the difference between the two
approaches can be illustrated by looking at the scatter factors for the time
to first failure from Table 6:

Fleet Size p - % SF[

n l00/(n+l)

20 4.76 1.90
50 1.96 2.40

100 .99 2.85
200 .5 3.60

1000 .1 7.70

It is seen that if the tine to first failure concept is used in specifying
the design life reliability requirements, a relatively high probability of
failure is accepted for small fleet sizes, whereas, for large fleet sizes the
scatter factors become high and resultin extremely long mean life require-
ments. For example, for a sample size of 100 the time to first failure cor-
responds to life (N/2.85) and for sample of 1,000 the time to first failure
corresponds to life (R/7.7). If the required life was specified to be NR =
20,0 N] 9/ight hours, then the design for a sample of 100 would require a mean

= 30,000 x 2.85 w 85,500 flight hours and for sample of 1000, N =
30,000 x 7.7 - 231,000 flight hours. Thus, using this approach, the require-
ments vary greatly as a function of the fleet size. However, fleet sizes as
defined in the design stages often, at a later date, change and increase.
Thus, rigid adherence to this rule will not always be possible or practical.
Consequently, the designer would tend to reduce the probability of failure for
the required life below the level of the first time to failure on the basis of
design stage fleet size estimate. Of course, this leads toward the other
approach of specifying a generally acceptable reliability level regardless of
fleet size. In conclusion, it appears that the procuring agency should
specify a general reliability level on the basis of aircraft type and its
operational requirements. In conjunction with an increase in inspection
frejuv.u.ncy :•iter the time to first failure, a probability of failure, p, -from
.2 D: 90 . O or 95% confidence on the mean life estirnate appears to

2,1



q, u G|rciati.. The scatter factoz.. with respect to the mean life for this,
ra!nge of probei!ities of faiiure vary frn approxlmately 2.5 to 5.5. see

- •�lebie h and Figures 3 and 9. In' the past tVe scatter factors most coumonly
ur,,et; Nove been 2, 3. and 4. It Is intertsting to note the probabilities of
;a-11- associated with these factors as determined in this study and
mf, rence 6. For as 14 and test data derived basic scatter litstributlon.
the prob~biltltes ilure ere:

-Sr 2 3' 4

S..... ,' •saist Scatlter,

n ; Nt. 2 2.2 .55 .28
SBa sic Scatt~r,,

n- 3. c- .9; Fig. 3 7.8 1._ 2 .55

Joint Distritlitton,
n w-; Fig. 9:

Hymothetical 6.5 1.2 .46
; "Transpert 4.1 .85 .37

SRef. , n-- 7.0 1,4

For qmvrel purposes it way bw statel that opera•onalb life scatter facton
of 2, 3, and 4 corvmspmad to appr•xtately 560, 1.0 and .Z prababtllt of
failure.

ii-
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TABLE 1

FATIME LXFE PROBABILITIES Cf FAILURE

___ _z ProbabilIty of Failure - %
X-Nwiber of a Based on Test Data - Equation (8) Normal

from the Mean .05 .10 .14 .20 .50.75 Dstrib'#.,_Ion_

-9.0 .05 .035 .027 .021 .007 .004
-7.0 .1 .080 .067 .053 .024 .015-6.0 .16 13 ,11 I.089J .043I .029-5.0 .25 .20 .18 .15 .085 .063

-4.0 .45 .38 .34 .31. .20 .14 < .305
-3.0 1.00 .88 .83 .78 .61 .51 .13
-2.5 1.70 1.62 1.47 1.43 1.26 1.12 .62i-2.0 3.09 2.80 2.76 2.71 2.71 2.62 2.3

-1.5 5.90 6.42 5.49 5.53 6.04 6.25 6.7I -1 .0 11.8 11.3 11.2 ~1',15 13.6 16.1 15."9
- .5 24.1 2j.5 23:.6 4.0 |27.9 31.4 30.9
0 50.0 50.0 50.0 50.0 50.0 50.0 50.0

+ .5 75.9 76.5 76.4 76.0 72.1 63. 6 6911
1.0 88.2 89.7 89.8 89.5 86.4 83.9 84.1

I .94.1 93.58 94.51 94.47 93.96 93.75 93.3
2.0 96.91 97.2 97.24 7.29 97.29 97.38 97.7
2.5 I 98,3 98.48 98.53 98.57 98.74 98.88 99.38
3.0 99.0 99.12 99.17 ".22 99.39 99.49 99.87
4.0 99.55 99.62 99.66 1-.69 99.80 99.86 >99.%5
. 99.75 99.80 99.82 99.85 99.915 99.937

6.0 99.84 99.87 99.89 99.911 99.957 99.971
7.0 99.89 99.92 99.933 99.947 99.976 99.985
9.0 99.95 9.965 9.973 9.979 ".93 9.996
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TrL iE "J

EXAMPLES OF BASIC FATIGUE SCATTEP FAf1TORS
WITH RESPECT TO THE TEST SAMPLE AIH. LIFE

Sample 1: Sample 2:
Kt a 4, Edge-notcth A)., Alloy Al. Alloy Riveted Lap Joint

Speclow
n - 13 n -3

N - li2,00 cycles N1 - 84,500 cycles

S" 0.331, S1 a 0.091

Ref. 7 Ref. 36

Constant Amplitude Loading

SFl 3' (#i"/'cp ~ ~ *-

Sample 1 Sample 2

P-% 5.0 1.0 0.1 j5.0 j1.0 0.1

I Nomal Distrib.
Eq. (19) 7.81 16.8 40 4.96 9.10 -1.2

(20) C1 a C 2  .975 16.10 38.3 100 38.4 '94.5 96

(21) -r 0.35 5.41 9.4 17.4 - - -

-0.29 4.05 6.4 10.6 --

a 0.14 - - 2.30 2.87 3.66

"Test D"ata 0trib.Eq.(B)

Eiq. (91) *0.35 5.18 12.60 87---
0.29 3.91 8.26 50

-0.14 - - -. 22 3.30 9.86

Svalues taken fm - 34 vp4 38

21
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TABLE 3

MAFIGUiE LIFE BASIC SCAITER FACTORS WkTH RLSPECT

TO THE TEST SAMPLE lEAN LIFE

a) Basic Fatigue Life Scatter Distribution, Eq. (8)
_Pi T71 ' I i 5 10 . .1- . 51m

n C - .85 c - .90
" 9.53 3.,18 2.14 i.84 10.5 4.4 3.52 23 2.03

3 8.55 3.58 2.87 1.92 1.65 9.04 3.78 3.04 2.03 1.74
5 8.36 3.46 2.77 1.86 1.60 8.64 3.62 2.88 1.94 1.67

10 8.00 3.34 2.68 1.80 1.54 8.20 3.45 2.76 1.85 11.59
*0 7.8W 3.27 2.61 1.75 1.51 7.96 3°34 2.68 1.79 I1.54
50 7.64 3.20 2.56.1.72 1.48 7.74 3.24 2.60 1.741 1.S

c - .95 c- .99
1 225.11 4.09- -2 ý.7 W.3 "To-T- 7 9.2 611 14.09 3.52

3 9.86 i"..13 3.30 2.22 1.90 12.4 5.20 4.16 2.80 2.40
5 9. 23 3.86 3.10 2.08 1.78 11.1 4.62 3.70 2.48 2.13

t0 8.63 3.62 2.90 1.94 1.67 9.81 4.10 3.29 2.20 1.89
20 8.25 3.45 2.77 1.85 1.59 9.0, 3.77 3.02 2.03 1.74
!-' 7.90 3.31 2.65 1.78 1.53 8.35 3.50 2.81 1.88 1.62

n7.36 3.08 2.47 1.66 1.42]

b) Normal Distribution

n C - .85 c- .90
1~ 3.78 3-2 29 2.37 2.11 3.6 13.T9 2.5 2.28
3 3.28 2.78 2.56 2.06 1.83 3.43' 2.90'2.68 I2.15 1.91
5 3.13 2.66 2.45 1.97 1.75 3.25 2.76 I .54 2.0)4 1.82

10 3.00 7.54 2.34 .88 1.68 ý.08 2.61 2.41 1.93 1.72
20 2.92 2.47 2.28 1.83 1.63 2.9j 2.51 2.32 1.86 1.66
50 2.84 2.40 2.22 1.78 1.58 2.86 2.43 2.24 11.80 1.60

C - .95 c - .99
1 4.59 3.8'358 2.88 2.56 5.71 P. 84 4. M 3. MM.1

3 3.66 3.12 2.17 2.30 2.05 4.16 3.53 3.26 2.62 2.32
5 3.37 2.86 2o64 2.12 1.89 3.78 3.20 2.96 2.37 2.11

10 3.16 2.68 2.48 1.99 1.77 1.43 2.90 2.6• 2.15 1.91
20 3.02 2.56 2.36 1.90 1.69 3.210 2.71 2.50 2.00 1.78
0 1 2.90 2.46 2.26 1.82 1.62 3.001 2.55 12.35 1.88 1.67

n-r, 2.70 2.29 2.11 1.70 1.51

5FIp - (N-i/Ncp), calculated by Eq. (21), u * .14

•- sample mean life

c - con llence level, singular limit (one sided)
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/ SF! Eq. (21).,- .14, c .95
SP Ref-. Table 3

7'- A I normal •- st. b.

- I . Derived Test Data "istrib.
Eq. (8)

4 -

o,6.

S 3

2 3=n

110

.1 1.0 10.0

i Probability of Fal1uwe -

-IGiAE 3. C0WPARISON OF BASIC 5¶ATTER FACTORS WfITH RES iCT TO
SAMKLE ME BASED ON THE NOOKAL AND DERIVED TEST
DATA !STRIBUTIONiS.
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p((L 1) 2

ý-2ý Life Distribuilons foe' Given Applied Load-, SpeLta Li, p(ri4IL.1)

L,_ __

3 p( f ý ( N' - Lyp LU p(N41 )p( I

2 (1 L2) p(N2IL., ,ptN4L 2 )p I~L2)pNB

p(N2 2L1  p(

Step 3. Joint Probability Distribution ( 'Ld ' jL) '

3 p(NL) 04L *( L'L3)

2 p(N L) p(fiL) 1p(N L2) p(N L2) p(N5L)

C 1 2) 2 3 4 2

3tep-4 Operational Life Distribution, p(N) E p(N L.)

P(Nj)' p(N ) I 1 1(3 N
~ ~A4~ pN 3) ptN~ p( 5)

1I 2 31 4__ 5
Step 5. fimulatiye Operational Ltfejralure Fi;obability and Scatter Factors

EP{N) 5___ _ -

C

1.0 x.~-___ P(N J)
.50

FIGURE 4. DIE CfOUE.PT-OF JOINT PROBABM1 ITY VISTRIBUTION
AND st'iAUONAL LIFE SCA!MTE FACTORS
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'>iIgeanalysir of aircraft structures Is a c~mnpcox and time conswuming
qrfULC3,. Inc Y&41ue osg9 casCUjaITio-1Tir praICTIOR~ comuuer pywramu
presented In Part X1 of this re ort,_Reerence 8, is an efficfent engineering

Ebwaver. even the ceeputer program is sometimes a tedious procedure when quick
approximate life predictions. such as In the early desisan staues,. muzt be
Obtained. This section presents one possibi's approach and examples for the
deveiopmeny. of general fattique strength design-damage rate charts for rapid
eti'n'tion of structural fatigue lives. The computer program of Reference 8

* is an extremely useful tool1n the development of such charts and was utilizedI
throughout this study- Linear- c'rIpilatlve d~apae ruile wa~s used for all dermage.
calculations.

1. Generallized Load~s Spe~ctrum Formats

Aircraft fatigue incremental loads spectra usually can be represented in
the following equation forms:

Expooential Distribution,

~fj*~No, e-&yj/bi i: - 12. (35)

or

Normal Distribution,

Enj ZE010 *AY7'20i 2  1 : -1,2,3 ... (36)
~1 A4' 0 .... y

where.
ay' 'Inctemental load factor, bending mament, loads, str*;;,

etc. (to be called 'load' for gii~jam~

&V Imos .uucrerwOfll. lodIn tgt

En frequency of occurrence of the incremental, ioaft
ay* 4a y.; cumulative cycles.

No frequency of occurrence of all loads Ay 0;
cycles per time, distance, number of 11 ights, etc.

b~o - spectrum magnitude parameter in units of ay.

*The sumati on %ion on the right side of equations (35) and (36) implies that
as mmn teams as are needed can Le uscod to define the spectrum accurately.
Description of graphical approximations of a given spec-trum by these eqations
Is preented in Part 11 or this report, pages 11 tol 4, eferefce 8.
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-cl-1'ii loads fu.- a spactreni with bxy v'aria-le a--d Y coV'sant Can ta-.
contafint mean, remxiraum or minimum sý*ctrum load:

LOAD II RS ~ f

- (Y + yIf y'(7

(Y k. IAy t V2 AY w Y (Y -Ay)(8
Y:Yy+ 'i4 y Y *2Y (Y+ AY) Y (39)min 1 - r a

where, YM mean load V - load amplitude

- max, + YCi/1max -min~I
Y maximum, load, -r load range

Thus. give pacteu with aotutuanlmete fnto of the applied prmeer Y o

Ymin~~~~~~~~~~~~~~eie asosat a ecopeeydfndi tm fMOblr~t

Fagiv rannite lofadsrcua eeeti aYUII~ ;function~ ~ o r h ple

vau.Uoc i~clfplgestres onuentainfcocnb rosieresetd
to )a meturo a t faigu s dantah e quaity adatae applied loadsr p ectrum

am*rtof oetrm of3 w~ton(5 on3)ga e cof Kete definedas,

(DA)- I Eb(rrq'i Y ,Kf](42

and lsoa tncton o th cyli;luad ftrma, euatins 37)to 39)

fo~~~~~~~~~~~~~~~~~~1 "srt h eeomn n oprsn ape fdaert hrs



from 1.5 to 5.0. The six S-N diagrams, as used in the damage rate calculations,
are presented by Figures 11, 12, and 13. The stresses are specimen net area
stresses. Figure 14 presents a family of damage rate curves for K 2.62 and
the spectrum and cyclic loads in the form of equations (35) and (37); the symbol
Y is replaced by S, for stress, psi. The damage rate curves encompass a range
of b, AS' - S•,.and S - Sm values representative of typical aircraft fatigue
loads spectra. For a given material, a complete set of damage rate curves
would encompass a range of Kf values representative of aircraft structure
fatlgra quality as well as the other spectrum and cyclic loads formats,
equations (36), (38), and (39). Samples of damage rate curves for a range
of Kf values and the other spectrum and cyclic loads formats are shown in
Figures 15 and 16. Attempts to normalize a family of damage rate curves into
a single general graph were not successful. However, one other form of pre-
senting fatigue strength allowables under spectrum loading is illustrated by
Figure 17. For a given Kf, spectrum, and cyclic load format, the damage
rates, for one value of b or a, can be converted into a constant life diagram
where the allowable life, N , under spectrum loading is the inverse of the
damage rate D/No. Figure l1 presents the constant life curves of the
Kf a 2.62 damage rates shown in Figure 14 for b - 15,000 psi. The prime with
any cyclic load parameter indicates the value associated with the largest
incremental load, Ay' - AS', in the spectrum.

Use of the damage rate charts may be best illustrated by several examples.
First, let us assume that the damage rates are based on statistically estab-
lished .S-N data where the S-N curves represent mean values with an associated
confidence level. Thus, the calculated life under spectrum loading will be
the mean life with the confidence level of the S-N data.

Example . For a structural element with fatigue quality of Kf = 2.62,
finl th"1m n M , ,' if the stress spectrum for 30,000 flight hours is repre-
sented by En - sNoie-AS/bi , 1- ',2 , and the cyclic loads are Sm t AS,
where:

i Ni0  bi - psi Sm - psi AS' = S; - psi
1 104 7,500 10,000 20,000
2 3 x 105 2,500 10,000 20,000

The damage rates for the two terms are obtained from Figure 14 and the total
damage for 30,000 flight hours is:

i D/(No= -0) D/Noi
1 1.13 .113

2 .069 .2C7

The predicted mean life is (30,000/.32) = 93,800 flight hours.
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A P x 10. 7.500 !M00 25.0007 AW e

* iAitin has changed 1te -uch a Manier thgt thhe stres spectrnn for 30g JorIC
I laht hours bcomans:r~

i NO bi.- psi S - psi S! -psi i
C Z. I X WU 1,bfm 10,000 20,000

3 4 x 103 7.500 15,000 25.000I
Again, the cbuage r'ates are obtained from Figure 14 and the total damage for
30,000 flight hours Is:

I D/(No - 10) D/No0
1 1.13 .102

2 .069 .186

2 4.3 .172

The predicted mean life is - 30,000/.46 - 65,200 flight hours.

The above examplesý although for hypothetiLal spectra, illustrate the
rapidity of predicting faatigue lives from damage rate charts, such as those
of Figure 14. Of coursa, in real problems the spectrum parameters will not
always correspond to the values of the damage rate curves presented and
a certain amount of crossplotting of the data will be necessary.

Several astpecs of the damage rate concept which require further attention
are the fatigue quality estimation of the structural element and the availa-
bility of statistically reliable S-N data and the validity of the linear damage
-- le. At pre3ent, analytical methods arp not available to calculate the
fatique quality of a complex structural element, whether it is measured In
teros of Kt or Kf. 1he quality must be ostimated by testing the element or
by cEu'parin. to a similar element with a known fatigue quallty.

3. Ground-Air-Ground Cycle Damage Rat~as

host aircraft structural elments, due to the combination and ..quiince of
the mnvlronmntal loadipags during a flight, experience a significant cyclic
loading ctlled the ground-air-ground (GAG) cycle. Reference 10 presents a
detailed liscussion of the GAG cy le concept. The GAG cycle Is defined for
each individual flight by the maximum and minimum loads whicn occur during
that flight, including the ground loads. For a large number of flights, the
GAG cycles will define a spectrum type loading because each flight, theoreti-
cally, will experience a difierent GAS cycle. Such spectrum generally will
not ia,•a constaitt mean, maxima or minimm load. Consiquently. dwage rates
for spectra Wtch exhibit this property, such as those presented in this
section. are usually not applicable to the GAS cycle spectrum.
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-J ~ ~ ý p~ L'i L,% ns~r a~r,:Wi stsi'4.tura1 eiesnerot GAS~ .ty le cp~trsmiw s

cyclic loa6 is constant for the GAG cycle spectrim. The ka~~-iAte of
* t It*rat~~~ ofi equzin (Adj.). Htmever,

the ground and flight loads specira can be individually defined in this form
by equations (35) and (37). The fatigue dwamae C8lCUlAtUMn ag

R-ei'erence 6 nas th c apab~l1Zi~ of calculatinij the GAG cye~e spectr4im
ds.amai rate, givena Line above definition of' the ground ,.nd flinht I nods np-mctyi j
and the number of flights (or landings), f G, represented by t&,, spectra.
Thus. symnbolically, GAG cycle spectrum dama-ge rate can be defined &.. aU
function,

(/GAG) -f(obY'"YGrou~nd' (N0lbvay '"Flight'I frAG, Kf] (41)

To develop a family of damage rate curves to encompass a compliatr matrix of
the above parameters would be almost an insurmountable task. Figure 19
presents samples of GAG cycle spectrum damage rates when all parameters of
equation (41), except two, are held constant. The ground and flight loads
sppctra, over the GAG cycle spectrum loads range, are represented by one
term of equation (35).

On the basis of the GAG cycle spectrum damagc rate calculations In this
study, the following approximate and simple procedure for the estimation of
the GAG cycle spectrum damage rate is recommended: cal( slate the dannge rate
corresponding to the GAG cycle spectr.um maximum and minimums loads which are
exceeded in 40 percent of the flights. Following this procedure. the davage
rate per 1,000 flights of the Figure 18 GAG cycle spectrum would be c~u
lated as 1000/N, where, N. cycles to failure would be obtained from S-N
data for cyclic loading, Smx 15,100 and Smin - -7,100. These stress values
in Figure 18 correspond to the GAG cycle spectrum loads at En - 40)0.

A common uncertainty exists about the Wfect of the GAG cycles on
fatigue life of fighter type aircraft (high design load factors, low I.Og
stresses, maneuver loads critical) as comp;,red to transport ty-pe aircraft
(low designs load factors, high l.Og stressii). This uncertainty probabty
stems from the fact that very little testing has been performed with realistic
manreuver plus GAG cycle loadings representative of fighter aircraft as cam-
pared to gust plus GAG cyclu loadings representative of transport aircraft,
see Tables 11 to 14. However, Reference 15 C~ontains fighter type maneuver-
GAG cycle loading test data which indicates a similar det:-omental affect of
the GAG cycles on fatigue lifo as for transport type #-rcrrft. Consequently.
the definition of the GAG cycles, as d~escribed in the preceding paragraphs,
is ccy--ýzý,ed t~o he applicable to structural ele.knts of all typeos nf
aircraft-

4. Design harts

For all practical purposes, a complete set of damnage rate charts, as
previously defined in this section, constitute d basic and completely gerwral
set of fatigue strength design charts. Such charts are most usefvl in the
early design stage parametric studies when most of the design parameters have



not been finalized. However, in the later stages of design when the aircraft
utilization and the applied loads spectra in terms of load factors can be
fimly established, the fatigue strength of the structural element becomes
a function of the fatigue quality of the element and the operational stress
levels. Figure 20 presents such design charts for the applied loads spectrum
of Figure 18 and the fatigue quality as defined for 7075-TS altinum sheet by
the S-N data, Figures 11 to 13. The design charts were developed with the
aid of the damage rates established for the above S-N data in this study.
The applied loads spectrum, per 1,000 flights, was defined in terms of load
factors in the following form:

Ground Loads - Taxi:

i*n - Noe'Ag/b N0 - 2.5 x 106 cycles

Ag' - .8, largest incremental load factor
b a .048

Load Cycle 1 1 1 Ag

Flight Loads - Maneuver and Gust:
zn = No~le'Ag/bi , a - 1 2

No, a 7.5 x 102  2 x 105

bt U .224 .082

Ag'- 2 2

Load Cycle a I t Ag

GAG Cycle:

Smax - f(1 + l g)flight a f(Flight LF a 1.51)

Smin - f(l + 6g)ground = f(Ground LF - 1.42)

wehere load factors (LF) are t aken from Figure 18 at Zn - 400.

A linear relationship was considered between load factors and stress, i.e.,
AS = Sm (Ag) and S Smdn - (I + 6g) S. The ground and flight loads mean
stresses were relA8 as"So mG = -(SFo /2)."Nhe stresses are net area values.
Figure 20 presents the fatigue strength allowables for any 7075-T6 aluminum
structural element for the applied loads spectrum of Figure 18. The use of
such charts for design purposes may be best illustrated by an example:

Problem: Design a structural element, for the applied loads spectrum of
Figure 18, for a life of 50,000 flights with p _ 1% probability
of failure. The flight one g static strength design net stress
in 19,000 psi. The average operating flight one 9 stresses are
W. of the design values, 19,000(.8) z 15,000 psi.

I!ut: , from Section II, consider a scatter factor of 3.0 for
1 <7 . Therefore, the element must be designed for a mean life
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of 50,000(3) - 150,000 flights. The life and static strength
requirements are satisfied by any combination of Kf _ 1.8 and

SmF < 15,000 psi as illustrated in Figure 20. The optimum design,
with respect to structural weight can be attained at SmF a 15,000

psi if the structural element fatigue quality is Kf < 1.8, where

Kf a 1.8 correspond to R = 150,000 and SmF - 15,000. If the

fatigue quality is Kf > 1.8, then the critical strength design

condition is fatigue strength and the design one g stress will be
less than 15,000/.8z19,O00. For example, if Kf = 2, SmF
13,500 and the design one g net stress becomes 13,500/.8=17,000.
Similarly, for Kf - 2.74, the design one g net stress is
10,000/.8 - 12,500.

5. Concluding Remarks

Development of fatigue strength design charts for a given loads spectrum
in terms of the fatigue quality of the structural element, Kf, and design
l.Og stresses, as illustrated by Figure 20, appears to be a possible and
practical approach. Also, development of completely generalized fatigue
damage rate charts, to encompass all loads spectrum parameters is possible
with the exception of the damage rates of the GAG cycle spectrum. GAG cycle
damage rates are a function of the composite loads spectrum and involve
separate loads spectra parameters. GAG cycle damage rate may be simply
approximated by considering the loads which are exceeded in 40% of the flights,
or, for more accurate damage rates, directly calculated from the composite
spectrum nn the basis of the complete GAG cycle spectrum of highest and lowest
peak loads.

The linear cumulative damage theory has been used for fatigue life
prediction throughout this study. The accuracy of the linear damage rule is
often questioned. The most common arguments are: linear damage rule does
not account for the loads sequence nor stress interaction. To answer the
first argument, operational loads are random and their exact sequence is not
known. Thus, testing to an unorthodox sequence of loadings, not representa-
tive of ,,-rvice random loads, does not invalidate the use of linear damage
rule in aircraft fatigue life prediction. However, because of the stress
interaction effects on fatigue life, the true accuracy of the linear damage
rule Caii be checked by tEsting to random loading spectra which reflect the
frequency and magnitude of operational loads. If the spectra were defined
in terms of generalized spectra parameters, the results of such tests can be
presented and used in the manner described for the damage rate curves, or
directly, as spectrum loading S-N curves.
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SECTION IV

CONCLUSIONS AND RECOMMENDATIONS

Fatigue strength design criteria and analysis of aircraft structures
v...e...... 44.e.pnl4 .. s:.. ..r.raft ,,14... .... l s....

structural response, detail stress analysis, fatigue damage accumulation,
statistical espects of fatigue cyclic loads and life, and testing. This
study investigated the problems of fatigue life scatter, specification of
fatigue life design requirements, and methods for the development of general
fatigue strength design charts.

Operational fatigue life scatter is a function of the basic fatigue
life scatter, as exemplified by laboratory fatigue test results, and of the
variation of the operational applied loads spectra among individual aircraft
in a fleet of aircraft. Consequently, the probability of fatigue failure of a
given element in the fleet of aircraft, at life N Is a joint probability
problem,

p(Nj) - p(NjILi) x p(Li) (42)

where, p(NjIlL) Is the probability of failure at life Nj, given loads
spectrum Li, and p(Lj) is the probability of the occurrence of the loads
spectrum Lj. The probability, p(N% Li), is represented by the basic fatigue
life scatter. A statistical evaluation was accomplished in this study of
over 6,000 aluminum alloy specimen fatigue test results to define the basic
fatigue life scatter magnitude and distribution. The specimens ranged in
complexity from simple m'terial unnotched and notched specimen to structural
components and full-scale structures. noth constant amplitude and spectrum
loading test data were considered. Based on the evaluation of this large
sample of fatigue test results, the folloging basic fatigue Mlfe scatter
properties were observed:

* 1. Basic fatigue life scatter distribution greatly deviates from the
log Normal distribution at lives Nit t 2a. Equations (7) and (8) represent
basic fatigue scatter frequency and probability distributions as derived
from the surveyed test data.

2. Scatter is greater under constant mplitude loading than under
spectrum loadings.

3. In general, unnotched specimen, and to a certain extent, notched
specimen, exhibit more scatter than structural components. The relatively
high scatter observed in full-scale structure test results is attributed
to the fact that the great majority of the soezimens tested had previous
actual service loading history. Therefore,the larger amount of scatter
reflects not only the basic fatigue scatter, but also includes the effect
of the operational loads spectra variation.

4. In general, fatigue scatter increases with increase in life, In
pdticti.ar, under constant amplitude loading.

61

1----------



5. Under spectrum loading, based on notched specimen and structural
component test data, a log standard deviation of 0.14 is recommended for
statistical evaluation of the basic fatigue life scatter of aluminum alloy

Q6 5A;;1% %' . t u.v v 4uviimooi wivU W ri cf utl~urivvu 3dLUTaiirisiributions OT
--3 equations (7) and (8). U

Operational life scatter concepts, as a function of the joint probability
distribution model, were illustrated by the development of several joint
probability distribution models. Using this concept of operational life
scatter, the failure distribution of a large sample of actual service failures
was correctly predicted. It appears that the operational life probabtifty
distribution, based on the joint probability distribution of the basic fatigue
acatter and applied loads variation, Is a valid concept and perhaps the most
promising concept in defining operational life requirements for fattgui analysis
and design of aircraft structures.

Fatigue life design requirements should include a specification of a
desired reliability level during the required lifetime, NR, where reliability
R - 1 - p, and p is the probability of failure not to be exceeded at l•fe NR.
The structur would be designed and verified, by analysis and/or testing, for
a mean life N , where c is a selected confidence level• and 9c is related to
NR by a statigtically established scatter factor, SF,• . ,cK * ic/, .SFI cr l A cl R a "c /"p P ,
Recommended procedures for the calculation of such scatter factors are

described in Section II of this report. For example, SFIp 2, 3, and 4, in

general, correspond to approximately 6, 1, and .5% probability of failure.
Therefore, the design life, NR, specifies a time interval during which the
probability of fatigue failure is an acceptably realistic low value.

The tUm 'time to fatigue failure' is defined as the time to crack
initiation and propagation of the crack until the design ultimate static
strength of the structural element is reduced. For highly notch sensitive
materials and structures without redundancy with MS - 0, the time to fatigue
failure would be the time to crack initiation and would not include any crack
propagation time.

Analytical methods and procedures for the development of generalized
fatigue strength design charts are described, and samples of such charts
are presented, In Section III of this report. The loads spectra are defined
in equation form and the structural element fatigue quality is measured in[ terms of an average Kf value. The objective of such charts is to provide
the designer and fatigue analyst with rapid means of fatigue strength-life
estimation,.

As a consequence of the above studies and from general consIderations of
airc°-ft fatigue strength design criteria and analysis problems, future
research and studies should include:

1. Further collection and statistical evaluation of aluminum alloys and
other commonly used aircraft materials fatigue test data to establish their
typical basic fatigue scatter magnitude and distributions.
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2. Collection of operational loads spectra on individual aircraft basis
and development of operational loads spectra distribution for various types
of aircraft.

tion criteria is not available at the present time and it is doubtful whetherIsuch criteria will be available in the near future. It is proposed that a
study and statistical evaluation of fatigue test data which Is typical of
aircraft structures and loadings would result in a statistically accurate
and acceptable damage rule for types of spectrum loadings generally experienced
by aircraft structures.

4. A comprehensive program of collecting and interpreting fatigue service
failures. Comparison of service failure lives and distributions to the
theoretically predicted values and distributions. Of course, such comparison
would be subject to the availability of all pertinent Information and data
needed for the analytical predictions. Results of such program would verify
the accuracy of theoretical predictions and would be an Ideal collection of
bad fatigue strength design features to be avoided in the future.

5. In conjunction with the re'ults of item (3),development of fatique
Sstrength damage rate-design charts for typical aircraft spectra and materials.

I
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APPENDIX

ETATISTICAL EVALUATION OF FATIGUE LIFE TEST DATA

* A aargo amount of fatigue test data were collected and statistically
;..%i.,Preted for the purpose of evaluating the fatigue life scatter charac-

t;..ic~r nn~ Alaninmi01ue el%+ wta rI~ne4dAsd4A a +I~al 0% IPlA
samples, representing 6,659 specimens wi re collected and evaluated. The
following data seleLtion rules were followed:

1. Only samples of three specimens or more were considered.
S2. A sample represents a number of identical specimen tested underSthe same loading.

3. Samples with mean lives less than hundred cycles were excluded.
4. In general, samples with runouts (test stopped before failure

* occurred) at long lives wore excluded. Only in several instances of large
t samples one or two runout values were included.

5. In the case of specimens with previous service history, only the
test life was considered. Samples were composed of specimens with approx-
imately the same service life in terms of flight hours.

6. In the case of full-scale structures Initial failure lives were used,
Samples were composed only of failures of the same structur-al element.

The test data used in the evaluation are described In Tables 7 to 14.
A large portion of the statistical data reduction was accomplished with the
help of a computer program. The case numbers in these tables refer to the
computer program case identification numbers. The symbols k9 n and rn repre-
sent the number of samples, sample size, and total number of specimens in one
case,

1. Data _ _eduction and Basic Results

Initially, all data were divided into groups according to:

1. Type of Specimen: a. Unnotched --Material Data
b. Notched - Simply Notched Specimeo
c. Structural Component - Structural Elements

ranging from a simple lug to a complex Joint.
d. Full-Scale Structure - Large aircraft compo-

nents.

2. Type of Loading: a. Constant Amplitude
b. Spectrum (three 'ioad levels or more)
c. Tension-Tension
d. Tenslorn-Compress ion

3. Mean Life Range - Cycles:
a. l•l2-103b. IOS-10'

C. 10_-10s
d. 105-10O
e. 106-107
f. > 10.
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The following paramneters were calculated for each sample.
. i( . Antilog (5gi) (43)

where.

l -N• Wean of log lives
- (1gloN)/n,

N - Cycles to failure of an individual specimen

nI -a Simple size - number of specimens

2o SA w Biased Log Standard Deviation

-[((log Pj n log )2)InjJ" (44)

3. Loq9Diiat1on of Individual Specimen Life:
-3-• -log N1) 7 (45)

Next, the following pararwters were calculated for each group of data

according to the typne of specimen and loading and life interval:

S"! St - Average. of Sample Biased Log Standard Deviations

S(gSi)/k (46)

where,

Lk nimber of samles in the group

Z. .,O*n biased Log Standard Deviation of the Pooled Data.

-~~ ((zjn4 /Xni [( log NJ fo- 1 .)2)/rnj]lA* (47)I•,•f i ,+,jj j .

""3. n.k- Unbiased Log Standard Deviation of the Pooled Data.

E -((Sfn0)/((rni). - k)] 1/ 2  (48)

- [(z 0(i0g Nj - lioIg /((znt) - k)]LA (49)
iJ

4. Navem Average of Sapple-A'ean Live -Cycles

ihe above data for all the groups are supmrazed in Tables 15 to 18.
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Ft
F~rthersmre, these parameters were calculated for pooled data of tension-

tension and tension-compression loading groups, as showr in Tables 19 and 20.
Additional Parameters calculated for these sets of groups were:

1. Cv Coefficient of Variation, see Table 21.

On-k/ -0-ave (51)

2, Life Scatter Distribution versus Log Deviation, see Tables 22 to 23,

where the l1q deviation is multiplied by (,t -7)) to reduce the bias
of the sample Aize.

2. Interpeetatio 1 of Results

There are two basic questions to be answered about the fatigue life
scatter. What is the fdtigue tife scatter frequeny or density distribution
and what is the magnitude nf scatter? In the following discussion an attempt
is made to 91ve some answerL to these questions throuqh the interpretation of
the results obtained from the survey of the fatigue test life data.

2.1 F uenc Distribution. The most commonly used frequency distribu-
tion in theevila-_uiffn of fatige l'e scatter has been the Normal" or
Gaussian distribution, with the transformation of N, cycles to failure, to
logl 0 N,

f(x) . (1/047W (Au) /2 (52)

where, x - log N

m -1og - (log N)/n

- Ez(log M - fog N)2/(n - 1)]1/2

Fatigue test life data usually yield approximately Normal distributions.
However, ia most cases the samples are small arnd do not indicata the frequency
distribution in the extreme scatter regions corresponding to low probabilities
of failure in the order of 1% or less. In the design and analysis of air-craft
structures for safe life, the main interest lies in the region of relatively
low probabilities of failure. Consequently, log Normal approximatiob of small
samples of fatigue test data does not prove the validity of the Noraal distri-
bution at low probabilities of failure.

In order to check the validity of the Normal distribution ii. the extreme
distribution ranges the log deviations of many samples were pooled into groups
accurding to the type of specimen and loading and sample mean life. The loI
deviation frequency distributions of these groups are sumuarized in Table, 22
to 28. With further pooling of life interval group data, (groups exhibiting
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similar standard deviations, (on.k), frequency distributions were plotted on
Normal distribution probability paper as shown by Figure 21 to 27. The cumu-
lative probability of failure, %, was calculated as,

(100) x (zn/(zni + 1)) (53)

where, En w Cumulative number of specimen corresponding to a given deviation
value, beginning with the smallest deviation (highest negative
value),

snI a Total number of specimen in the group.

In addition to the test data distributions, the Normal distribution lines.
based on the calculated pooled data an.k values, are shown for comparison.r The following general observations and comparisons can be made with respect
to the test data and Normal distributions:

1. The pooled test data exhibits a non-Normal distribution.

2. For all practical purposes test data distributions are symeetrical
about the mean.

ts3. With to lives shorter than the mean, at extreme values the
test data indicates higher probabilities of failure than the Normal distribution
and lower probabilities than the Normal as lives approach the mean. Ine reverse
Is true at lives longer than the mean.

4. The transition point where the test data and Normal distributions
coincide ranges approximately from 1 to 10% probability of failure at lives
shorter than the mean and 1 to 10% probability of survival at lives longer
than the mean. The transition point approaches the mean as the standard
deviation increases.

Usinq these observations as guidelines to derive a fatigue life scatter
distribution, all test data were pooled Into four large groups accqrdipg to
the calculated standard deviations, 0nk' of Tables 19 and 20. ihe data was
divided into four groups of standar•d deviations: less than 0.150, 0.150 to
0.200, 0.200 to 0.300, and greater than 0.300, as shown in Table 29, regardless
of the type of specimens, loading or life interval. The log deviation
distributions of these four groups, normalized by dividing the deviations by
the calculatlid standard deviation, n.k, were plotted on Normal probability
paper as shown by 7tgures 28 to 31. Bast4 on these four test data distribu-
tions, a lhrme-term exponential expression was derived for the calculation of
the fatigue lifo cumulative proIability of: failure distribution,

F(-x) - Ale jI ÷ A2 e-d2 1XI + A d3 ix x - 0 (54)

and. F(x) - I1- F(-x), x > 0

xm a(log N,- log N)/,

" M (loq - log-2/(n-)] 11
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Da

i U
A1 - 1.687ra d1  1.3 + 0.%ra

A2 - 0.015 d2 - 0.28 + 0.44/6

A3 - 0.485 - 1.687ro d3 - 1.09 + 2.16,fi m
. ... '.- %..•q • . -Wt *--,"l. . . . 4 , .,, .l.+'ftf*Wl•. 4Ata"•a-

Use of this cumuiaive, prV 1A U ,, ........ ......... .....
titns, a , greater than 0.75 is not recommended. In reality this is not a

limitation since fatigue life scatter seldom exceeds a standard deviation of

0.75. The cumulative probability of failure distributions, for selected
values. as calculated by Lquation (54) are shown plotted in Figure 32 and in

Figures 28 to 31 for comparison with the original test data. From Figure 32

It I& seen tha, thft * t1ue test data probability distributions of Equation (54),

regardlezz, of the a value, and the standard Normal distribution 7oinclde at

a probabilit y of -failure of approximately 4% corresponding to 1.75 standard

deviations from the mndii. Furthermore. the test data Equation (54) indicates
higher probabilities of failure than Nonaal at standard deviations greater

than 1.75 from the mean, i.ireas at standard deviations less than 1.75 from

the mean the test data approaches the Normal distrlbutton at the standard

deviation a - 0.75.

Since the cumulative probability is the area uider the frequency (density)

distribution function, differentiating -quation (64) with respect to x we

obtain the frequency distribution functin.,

f( x ) dFI-x) ,, - (Ald e-dl IX + A d e-d 2 XI + A3d e-d3 1

dx 1 1 2 2 33I _ (C-d1 llxi + D2 e-d 2 1X! + C3 d-d 3 1x1) (55)

where!

C1  A Idi, C? - A2d 2 , C3 a A3 d3 and f(-x) f(x).

The negative sign on the right side of equatlc. (55) can be disregarded for
all pract'cal purposes of calculating f(x). The test data frequency Jistri-
bution functions as CAlculated by equation (55) for selected values of F and
the standard Normal distribution are shown plotted in Figure 33.

2.2 SXtadard Deviations. Thu standard deviation is the measure of
fatigue life scatter with respect to the mean life. The magnitade of the
standard deviation reflects the amount of dispersion of fatigue lives about
the mean. This is true of the Normal frequency distribution as well as the
frequency distribution expression derived from test data, see equations (52)
and (55).

The calculated standard devlation values, based on the fatigue test data
survey, are Summrlzed in Tables 15 to 18, according to the type of cyclic
loading, specimen, end mean life intorval. Pooling of the sm type of loading,

. ..



V

specimen, and mean life s,!all sample data Into larger groups was justified on
the assumption that all stmples come from the same population. Following
general observations csn be made about the magnitude of scatter in terms of
t~hi rtouahiiatd iirithia4. -4 . ea~*nsisk- A ,Iw4ua4.4Ai.,

1. No consistent trind is observable between tension-tension arl te••ion-
Wipr=buion uading On-k ,aiues, see Tabies ib to Ia3. ¢onsequent.j, vie
tension-tension and tension-compression data were pooled togethr and Ute
results are presented in Tables 19 and 20.

2. Scatter is propgrtional to life. Scatter increases with Vicrease in
life from approximately N - 10, see Figures 34 and 35.. b1re is also some
evidence of increase in scatter as lives become relatively short. Thus, it
appears that the greatest amount of scatter can b- expected at the Ohort and
long lives. This can be .ttributed to tne variibility of the stetic ultimate
strength at short lives and the statistical aspects of the fatigue strength
endurance limit at long lives. The variation of the standard devi-ition as a
function of the mean life in terms of the coefficient of variation,
Cv "On-k-/log Nave, is 1l strated by Figures 36 and 37. The viriation of
Cv with life is similar to the variation of standard deviation.

3. In general, scatt~ir Is greatest for unnotched specimen, and least for
structural components. However under constant amplitude loading, notc.ed
specimen scatter exceeds that of the Prnnotched specimen, except at short and
long lives, whereas under spectrum loading, notched specimen and structural
component scatter Is app ,.odmately the same.

4. The relatively high scatter of full-scale structure teAt lives is
somewhat surprising at first. It is consistently higher than structural com-
ponent scatter and sometimes exceeds the sc.tttur of notched specimen. One
would expect the scatter of structural components and full-scale structure
lives to be about the same considering that the full-scale structura test
life samples wete defined by Initial failurea of the same structural elEfent
and niat the final failure of the complete structure. One possible explanation
of this is thie fact that most of the full-scale structures tested had a pre-
vious service loading history. Although samples were composed of specimen
with approximatoly the same service life, as caasure1 by flight hours, the
amount of dmage accumulated by each specimen in service life prior to testing
varied. Consequently, flight hours are not the absolute measure of the
specimen life, or in effect, of the damage accumulated by the structure, the
damage being the true measure of the consumed life. Thus, the relatively high
scatter in test lives of full-scale structures with previous service histMry
reflects not only the basic fatigue scatter, but also, partlj, the scatter
due to the variation of service loads spectra. Another factor to consider In
the interpretation of full-scale test results is the probable difficulty in
detecting the crack Initiation consistently for each specimen. This fact
could also contribute to the higher scatter exhibited by the full-scale struc-
ture test results as compared to the structural component scatter.

5. Scatter appoars to be greater under constant amplitude loading than
under spectrum loading when the comparison is made between the same type of
specimen at the same life, see Figures 34 and 35. It should be noted that
If the lives under spectrum loading were divided by approximately a factor
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of ten, a much closer agreement between constant mplitu~e and spectrum
loading standard deviations is observed. One plausible explanation of this
phnuenedn ~uuujd 6a V,[]U 15Q1 IF@I. U I L,ýYI, UllIWWau..wWl RMI JU. I %o tI.; FW-

contains many cycles of low loads which contribute a negligible amount to the I
total aumaqe. Exclusion of these low load cycles from the measure of life
under spectrum loading would reduce the life, In terms of cycles, to a common
basis fc.e comparison of sp9ctrum and coist-ant amplitude loading lives.

3. C~ncludtna Rwearks and Recommendations

Fatigue life of materials and structures is a statistical value and for
this reason the fatigue life scatter statistical model parameters mst be
ufined. These parameters are the mean life, the frequency distribution and
the standard deviation. The mean life is directly a function of the type of
loading and specimen and can not be generalized. However, a standard fatigue
life scatter frequency distribution, and in turn, a probability distribution,
can be assumed to exist, assuciated with the magnitude of scatter as measured
by the standard deviation. The survey made in this study of 1,180 test
samples, representing 6,659 aluminum alloy specimens, ranging from unnotcheO
specimen to full-scale structutes, indicates the following results:

1. On the assumption that a common fatigue life scatter frequency
distribution exists, general frequency and probn1ility functions,equation (54)
and (55), were derived as a function of the staodard deviation. These
expressions differ from the Normal-Gaussian distribution as shown in Figures
32 and 33.

2. The measure of the scatter about the mean, the standard deviation,
was found to vary as a function of the type of loading, spetimen, and mean
life as Illustrated by Figures 34 and 35. The magnitude tnd variation of
the stahidard deviations must be considered to represent the typical fatigue
life scatter under similar loading, specimen, and life conditions.

Based on the evidence of the fatigue test data survey results, the
following tentative reconrendations are made for the statisticat interpreta-
tion of the basic fatigue life scatter of aluminum alloy materials and
structures:

1. The frequency and probability distributions, equations (54) and (55)
should be used in lieu of the log-Normal distribution.

2. Recommendation of basic standard deviations as a function of type of
loading, specimn, and life, remains a diletma, as exemplified in the discus-
sions of the test data results in Sectiun 2.2 of this appendix. More test
data, and In some areas a more detailed treatment of the data are needed to
clirify the discrepancies brought out In Section 2.2. Keeping in mind the
need of further detail study of additional test data, following standard
deviation values are wommended for use In the statistical evaluation of•
fatigue life scatter:

a. For the evaluation of constant amplitude S-N test data, use
standard devietions presented by Figure 38. Two sets of standard deviations
are presented: one for simple unnotched and notched materials specimen,
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the other for structural components. The simple specimen standard deviations

pooled data. The standard deviation values for structural components, alPpli-
cable to any structural element w•th multiple stress concentrations, are based
on structural component test data with the exclusion ot oLn w - tu' oata wnichn
appears to be unroalistic in view of all the other data, see Figure 34.

b. For the. evaluation of spectrum loading test data, the standard
deviations of Figure 35, in the life range 104 < R < 107, are recommended for
simple unnotched and notched, and structural component specimen. The full-
scale structure standard deviations, it must be remembered, represent not only
the basic fatigue scatter, but also the scatter due to loads spectra variatione
as pointed out in Section 2.2 of the Appendix.

c. For the purpose of general fatigue analysis and design of aircraft
structures under spectrum loadit.j•.a standard deviation of 0.14 is rccmriended
for statistical evaluation of the basic life scatter. This value Is the
unbiased standard deviation of all notched specimen and structural componen
spectrum loading data consisting of 305 samples and 2,106 specimen.

3. Fatigue life scatter, of aircraift structures In service is a function
not only of the basic fatigue scatter, which can be defined as the scatter
exhibited by laboratory specimen, but also a function of the loads "pertrunl
variation in a fleet of aircraft. As noted in Section 2.2 of the Appendix,
the full-scale structure test data surveyed In this study represents not only
the basic fatigue scatter, but in part, also reflccts the effect of service
loads spectrum variation. On the basis of all full-scale structure spectrum
loading test data, represented by 35 samples and ?02 specimen, a standard
deviation value of not less than 0.20 is recoruended for use in the statisti-
cal eva.uati~i. or service life scd.tLet of aircraft sLructures when the mean
life is based on averaqe operation&l loads spectrum. (For comparison, the
standard deviation based on all full-scale structure constant amplitude
loading test data, represented by 91 samples and 378 specimen, is 0.26.)
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. ~FATIGUE TEST DAtA DESCRIPTION
Constant Amplitude Loading - Unnotched Specimen

Caspe No. Naterlal Loading k n En Ref.

1 2024-T81 Sheet Axial 19 3,4 50 11
2 2024-T3 Sheet Axial 18 3-b 67 11
5 7075-T6 Sheet Axial 48 3.-8 206 11

20 24:-T3 Sheet Axial 7 34 25 12
21 75S-T6 Sheet Axial 8 3,4,6 31 12
22 24S-T3 Sheet Axial 3 4,5 14 12,23 75S-176 Sheet Ax', ai 3 9 12
Z4 24S-T3 Sheet Axial 3 3,4 10 12
25 75S-T6 Sheet Axial 6 3,4 20 12
30 7075-TG Extr. RId R'ititlng 9 3,9-11 82 13

Bear.
36 75S-T6 Hand Forg. Mlate Axial 3 3 9 15
54 7079-TG Hind Forg. Rod Axial 1 3 3 14

Total: 128 - 536
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TABLE 8

FATIGUE TEST DATA DESCRIPTION
W..4•-- " .... ........ .- . .Specimensr~,wu1in ,r.li I b,,UU IJg*UIfI- riu~cneu •peCIlfI

Case Nod Material KT(KF) Notch Loading k n In Ref.

8 2024-T3,2024-T81, Hole Axial 6 3-5 23 11
7075-T6 Sheet

13 7075-T6 Sheet 4.0 Edge Axial 13 3-5,9 50 16
14 2024-T3 Sheet 4.0 Edge Axial 14 3,5. 79 16

6,10
15 7075-T6 Sheet 4.0 Edge Axial 14 4-8 74 17
16 7075-T6 Sheet 3.0 Hole Axial 20 5 100 18
17 7075-T6 Sheet 4.0 Elipse Axial 25 5 125 18
18 7075-T6 Sheet 7.0 Elipse Axial 25 5 125 18
19 7075-T6 Sheet 10.0 Elipse Axial 20 5 100 18
26 24S-T3 Sheet 2.0 Hole Axial 1 3 3 19
27 24S-T3 Sheet 4.0 Fillet Axial 1 3 3 19
28 75S-T3 Sheet 2.0 Edge Axial 1 3 3 19
29 75S-16 Sheet 4.0 Edge Axial 1 3 3 19
31 7075-T6 Extr.Rod 1.38 Groove Rotating 6 9.10 58 13

Beam
32 7075-T6 Extr.Rod 3.0 Groove Rotating 10 9,10 98 13

Beam
33 7075-16 Extr.Rod 5.0 Groove Rotating 8 10 60 13

Beam
34 24S-T3 Sheet 4.0 Edge Axial 2 3,4 7 20

37-50 755-16 Hand Forg. (1.2- Fillet Axial 54 3,4 163 15
Plate 1.5) (Lug)

51,52 2014-T6 Hand 2.4 Groove Axial 2 3 6 14
Forg. Rod

53 7075-T6 Hand 2.4 Groove Axial 2 3 6 14
Forg. Rod

55 2024-T3 4.0 Edge Axial 1 6 6 21
56 7075-T6 460 Edge Axial 1 5 5 21

Total: 227 117
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TrABLE 22

FATIGUE TEST LhF SCATTER DISTRIBUTION
Constant Amplitude Loading - Unnotched Specivan

[(log-Toi)x _No. of Specimen in the Life (Cycles) end Deviation Range
1-2-- 1•-o. 103 , _105 05-__ 6 lo•-__ 7_

-1.9 to -1.8 1
-1.6 -1.5 1
-1.5 -1.41 1
-1.4 -113 1
-1.3 -1.2 2
-1.1 -1.0 1 2
-1.0 -f.9 1

-0.9 -U.8 2 1
-A.8 -0.7 2 2 1
-0.1 -0.6 1 1 2 2
-0.6 -0.5 1 2 1
0.5 .-0.4 2 1 8 3 1

-0.4 -0.3 2 2 11 1 2
-0.3 -0.2 2 5 10 10 2 2
-0.2 .0.1 4 6 20 18 1
-0.1 to -0.0 6 18 44 29 1

0.o to 0.1 5 31 78 19 6
0.1 O 2 8 30 23 34
0.2 o.3 1 3 a 1
0.3 0.4 1 4 4 a 2 3
0.4 0.5 4 2
0.5 0.6 1 2 1. 1
0.6 0.7 4 2 3

.0.7 0.8 2 3
0.8 0.9 1 2

1.9 1.

1 1 1.2 1 1
1,,2 "1.3 2 3

1.5 to 1.6 I_ _

znj 30 76 - 98 159 30 4313
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TABLE 1
FATIGUE TEST DATA DESCRIPTION

Constant Amplitude Loading - Structural Components

Case No. Specimen Material k n IE Ref.
3,4 Lug (Loaded Hole) 2024-T3 Sheet 66 3-6,8 263 11

6,7,9-12 Lug Loaded Hole) 7075-T6 Sheet 65 3-6,8. 283 11

72 Riveted Lap Joint 7075 Clad Sheet 4 0 22
73 Rivetel Lap Joint 2024 Clad Sheet 5 10 50 22
74 Riveted Lap Joint 2024 Clad Sheet 15 3,7 97 23
92,93 Riveted Beam 7075-T6 3 3,4 10 24
100 Fuselage Skin Juint 14S-T, 24S-T, 25 3-6 95 25

75S-T
105 Frame-Stringer A 24S-T3, 75S-T6 3 5,6,8 19 26

Attach.
110 Scarf Splice 7075-T6 6 4 24 27
115 Spar Cap Splice 7075-T6 3 3,4 11 28
116 Skin-Stringer Splice 7075-T6 1 4 4 28
120 Skin-Stringer Splice 7075-T6 1 3 3 29
121 Skin Splice 7075-T6 3 3,6 12 30
125 Skin Splice 7075-T6 8 3 24 31
130 Skirn-Stringer Basic 7075-T6 1 4 4 32

Structure
135,136 Spar Cap Simulation 7075-T6 8 3-5 29 33

Element
140 Lug DTD 363A, 3648 5 3,4,7 20 34

683
142-144 Lap Joint 24S-T Clad Sheet 14 3,5,6 47 35
145-147 Lap Joint 75S-T Clad Sheet 17 3-6 65 35
150 Lap Joint 24S-T Clad Sheet 4 10,20 60 36
152 Landg. Gear 7075-76 4 3-5,11 23 37

Component
153 Frame-Longeron 75S-T6 15 5 75 37

Attachm.
154 Anatenna Attachment 75S-T6 2 3,4 7 37
1•5 Longeron Splice 7075-T6 2 3.5 8 37
156 Ewebolt 7075-T6 1 11 11 37
157 Latch Fitting 7075-T6 1 6 6 37

Total: 282 1,290

.. .412.. ... -- • 12 • . -
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TABLE 10 ..

,n,-a,- T[T umn uin ,-r,,

Constant Amplitud; Loading - Full Scale Stwictures

Case No. Specimen Material k n Zn Ref.
75 T-29 Outer Wing 7075 18 I3-698 83 38
77 C_ win9 2024 9 I3-6 37 3S

80081 P-51 Mstangp) Wing 2024 57 I3-8 229 40
Gr Meteor Ttpane DTD 390 2 I3 6 41
90 Fighter Horiz. Tail 7075 4 I406 20 42I
91 Fighter Wing 7075 1 3 3 42

STotal: 91 378

TABLE 11

FATIGUE TEST MATA DESCRIPTION
Spectrum Loading - Unnotched Specimens

Case No. Spectrum Material kc n Zn Ref.

650 Sinusoidal Modulation 7075-T6 Extr.Rod 9 4-6011 5o 13
651 Exponential 7075-T6 Extr.Rod 7 3-6 27 13

Modulation
660,661 Random Excitation 2024-T4 Extr.Rod 10 6.7 64 43

662 Quasi -Stationary 2024-T4 Extr.Pod 3 3,12, 31 43
Excitation 16

6W3,664 Random Excitation- 2924-T4 Extr.Rod 21 5-7 115 43
Pro-Stress

753 4-6 Stop Mareuver 7075-176 Sheet 14 394 51 11
780 Sinusoidal Modulation 24S-T4 Extr. Rod 14 10.11 141 44
781 Exponential 24S-174 Extr. Rod 13 10,'11 131 44

Modulation
784 Exponential 2024 11 20 220 45

Modulation
76 Exponential 7075 10 20 200 56

_ ____ModulAtion__ ________

lotal: 112 I 1,030

76
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TABLE 12

PATTrJiIr TFT nATA WIfD(DTPTTMAJ

Spectrum Loading- Notched Specimen

Case No. Material KT Notch Spectriua k n zn Ref.

301 2024-T3 Sheet 4.0 Edge 8 Step Gust 4 6 24 47
310 7075-T6 Sheet 4.0 Edge 8 Step Gust 2 6 12 47
315 7075-T6 Sheet 4.0 Edge 8 Stop Maneuver 3 6 18 47
330 7075-T6 Sheet 4.0 Edge 8 Step Gust + GAG 22 6,7 134 21
352 2024 Sheet 4.0 Edge 8 Step Gust + GAG 2 6 12 21
371 2024 Sheet 4.0 Edge 18 Step Gust 5 3,4,6, 30 16

8,9
376 2024 Sheet 4.0 Edge 8 Step Gust 8 3,6 30 16
384 7075 Sheet 4.0 Edge 8 Step Gust 13 3-6 57 16
420 7075 Sheet 4.0 Edge 4,8 Step Maneuver 10 6 60 17
450 7075 Sheet 4.0 Edge Maneuver 10 6-8 63 48
575 7075 Sheet 4.0 Elipse Gust, Gust + GAG 15 4,5,7, 86 18

8, 10
580 7075 Sheet 4.0 ElIpse Manv.,Manv. + GAG 4 5.7 22 18
585 7075 Sheet 7.0 Elipse Gust, Taxi, 7 5,6 40 18

Composite
629 24S-T,7178- 7.0 Groove Gust, Gust + GAG 8 9,19, 157 49

T6,DTD 363A 20 30
Extr. Rod

634 DTD 363A 4.0 Groove Gust 3 5,6 17 49
Extr. Rod

636 DTD 363A 3.7 Groove Maneuver 6 3,4 19 49
Ey.tr. Rod

652 7075-T6 3.0 Groove Sinusoidal 8 4,5,9 45 13
Extr. Rod Modulation

653 7075-T6 3.0 Groove Exponential 7 3-5 28 13
Extr. Rod Modulation

654 7075-T6 3.0 Groove Gust 3 9,14,15 38 13
Extr. Rod

680 7075-T6 Sheet 4.0 Elipse Random Gust 9 3-6,8 41 50
752 2024-T6. Hole 4-6 Step Maneuver 5 5-5 21 11

7075-T6 Sheet
788 7075-T6 3.2 Groove Exponential 20 10-12, 207 51

Extr. Rod Modulation 14
789 7075-T6 3.2 Groove Exp. Modul., 38 8,10 378 .51

,ELtr. Rod Pre-Stress
792 2024-T3 Sheet 4.0 Edge Random Gust '15 6 90 52
793 2024-T3 Sheat 4.0 Edge Constant Mean 20 6 120 52

Blocks
794 2024-T3 Sheet 4.0 Edge Variable Mean 6 6 36 52

,_ _Blocks

Total: 2IJ78
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TABLE 13

FATIGUE TEST DATA DESCRIPTION
Spectrum Loading - Structural Components j

k-e No. Specimen Material Spectrum k n Zn Ref.

642 Riveted Lop Joint 7075 CI.Sh. Gust, GAG 19 3-5,7 121 22
643 Riveted Lap Joint 2024 CI.Sh. Gust, GAG 7 7 49 22
645 Bolted Joint L.65 Bar Gust 4 3.5 16 53
692 Riveted Beam 7075-T6 Maneuver 4 3 12 24
698 Wing Spar Cap 707546 Gust, GAG 2 3 6 54
750 Lug CLoaded Hole) 7075-T6 Maneuver 9 8-12 90 11
751 Lug Loaded Hole) 2024-T3 Maneuver 5 3,4.6 21 11
760 Integral Skln-Str. 7075-T6 Gust 1 3 3 13

Joint
761 Integral Skin-Str. 7075-T6 Maneuver 1 3 3 18

Joint __ _ ,

Total: ]52 321

TABLE 14

FATIGUE TEST DATA DESCRIPTION
Spectruni Loading - Full-Scale Structures

Case No.d Specimen Material Spectrum k n En

605 C-46 Wing 2024 Gust 7 3.5 27 55
610 C-46 Wing 2024 Gust 5 4 20 56
615 C-46 Wing 2024 Maneuver 5 3,4 18 56

.626 P-El (Mustang) Wing 2024 Gust, GAG 3 3,4.7 14 57
628 P-51 (Mustang) Wing 2024 Gi.st. GAG 4 9,10, 45 49

13
630 Trainer (Provost) Maneuver 1 41 41 58

690 Fighter Hirnz. Tail 7075 1aneuver 6 83 1 42

691 Fighter Wing 7075 Maneuver 1 3 3 52

Total: 1:35 1 1202
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TABLE 15

FATIGUE TEST LIFE SCATTER - STANDARD DEVIATIONS
Constant AMplltuae iension-Tensiun Luuiing

Cycle

Range Spcimen k tn a q n-k Rave

Notched 9 45 .081 .090 .100 604
102-103 Structural Component 11 46 .480 .694 .796 475

Full-Scale Structure 6 21 .249 .264 .312 493

Unnotchedt 10 41 .083 .111 .127 4,480
103_104 Notched 17 83 .104 .118 .132 4,950

Structural Component 30 138 .115 .179 ,203 4,130
Full-Scale Structure 15 65 .249 .281 .320 3,690

Unnotched 28 107 .105 .132 .154 4.62 x 10l
104105 Notched 20 92 .129 .167 .188 3.18 x 104

Structural Component 66 289 .089 .107 .121 4.05 x 104
Full-Scale Component 24 107 .161 .185 .210 3.72 x 10l

Unnotched 15 61 .290 .39b .454 2.29 x 105
Notched 35 73 .328 .402 .451 2.40 x 105
Structural Component 88 413 .141 .169 .190 2.96 x 105
Full-Scale Structure 14 56 .142 .156 .181 3.9& x 105

Unnotched 4 17 .590 .663 .772 2.34 x 106
106-107 Notched 7 33 .443 .588 .663 3.05 x 106

Structural Component 24 144 .243 .275 .302 3.27 x 106
Full-Scale Structure 4 14 .130 .160 .189 2.35 x 106

>107 Notched 4 20 .362 .527 .589 3.22 x 107
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"TABLE 16

FATIGUE TEST LIFE SCATTER - STANDARD DEVIATIONS
conntent Amplitude Tons1tin am slar on Lnadina

b: Specimen k ave C

Unnotched 7 30 .197 .222 .253 323

0 1 )tched 32 14( .112 .139 .156 317
Structural Component 6 27 .224 .309 .350 563
Full-Scale Structure 3 11 .258 .259 .303 354

Unnotched 10 35 .135 .167 .198 5,280
Notched 47 187 .113 .159 .183 3,920
Structural Component 28 119 .084 .103 .118 4,440
Full-Scale Structure 9 37 .193 .222 .255 4,350

Unnotched 26 91 .097 .121 .143 4.38 x 104

10.-105 Notched 39 176 .158 .229 .260 4.08 x 104

Structural Component 14 56 .084 .105 .122 4.19 x 104

Full-Scale Structure 6 28 .235 .276 .311 3.69 x 104

Unnotched 21 98 .211 .260 .293 3.78 x 1O0
105_106 Notched 18 105 . 78 .442 .486 4.37 x 105

Structural Component 11 44 .101 .121 .140 4.27 x 105
Full-Scale Structure 9 36 .211 .264 .304 3.46 x 105

Unnotched 2 13 .791 .697 .758 3.11 x 106

ios-io0 Notched 11 81 .511 .521 .560 3.11 x 106
Structural Component 4 14 .137 .144 .171 1.58 x 106
Full-Scale Structure 1 3 .055 .055 .067 4.20 x 106

>107 Unnotched 5 43 .5"7 .705 .750 2.52 x 108
Notched 8 76 .573 .660 .697 1.65 x 108

A0



FATIMU TEST LIFE SCATTER - STANDARD DEVIATIONS
Spectrum Tensi on-Tension Loading

RageSpecimen kk Enl an ajn-c -mAve

10-0 No- o't~oched 6 19 .067 .092 .111 2.105

Unnotched: '1 4 01 .01 .7 5.66 X 104
Structural Componient 9 57 .081 .096 .105 7 .17 x 10"
Full-Scdle Structure 11 36 .137 .176 .212 5.2 X 104

Unnotchad 12 79 .104 .127 .138 4.17 x10
105-106 Notched 11 62 .068 .077 .085 1.33 x 105

Structural Component 14 92 .103 .124 .134 5.98 x 105IFull-Scale Structure 3 14 .163 .156 .176 5.42 x l05

linnatched 2 14 .128 .129 .139 1.85 x 106
106_107 Structural Component 13 72 .122 .162 .179 9.88 X 106IFull-Scale Structure 12 47 .138 J156 .181 3.80 x 106j >1a ý7 Structural Component 3 119 .135 .135 .147 1.54 X 107'
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TABLE 18

FlT!lEm YTEST I SCr -ATTRn - SrAN•.n• R

Spectrum Tension-Compression Loading

Cycle
Range Specimen k En S n N

103-14o Unnotched 5 19 .185 .237 .276 7,80o

Unnutched 21 195 .142 .155 .164 4.47 x 104

104 Notched 76 539 .056 °065 .070 5.08 x 104
Structural Component 4 24 .114 .120 .132 5.25 x 104
Full-Scale Structure 1 6 .270 .270 .296 9.98 x 104

Unnotched 31 324 .156 .161 .170 3.77 x 105

105_ )6 Notched 114 874 .101 .139 .150 3.28 x 105
Structural Component 6 36 .088 .130 .142 4.33 x 105
Full-Scale Structure 7 90 .165 .180 .187 4.44 x 105

Unnotchel 2 321 .271 .265 .279 3.29 x lOS
106_107 Notched 26 178 .137 .181 .196 2.72 x 106

Structural Component 2 14 .109 110 .119 4.09 x 106
Full-Scale Sý.ructura 1 9 .214 .214 .227 2.20 x 106

Unnotched 9 74 .497 .472 .504 2.30 x 107
>10' Notched 5 24 .315 ý.347 .390 4.44 x 107

Structural Component 1 7 .077 .077 .083 3.64 x 107
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TABLE 19

FATIGUE TEST LIFE SCATTER - STANDARD DEVIATIONS
Constant Amplitude Tension-Tension and Tension-Compression Loading

Cycle
Range Specimen k fn S n Nave

Unnotched 7 30 .197 .222 .253 323

102_103 Notched 41 191 .105 .128 .145 536
Structural Component 17 73 .390 .582 .664 506
Full-Scale Structure 9 32 .252 .262 .309 447

Unnotched 20 76 .109 .140 .163 4,880
103-104 Notched 64 270 .111 .147 .169 4,200

Structural Component 58 257 .100 .149 .169 4,380
Full-Scale Structure 24 102 .228 .261 .298 3,940

Unnotched 54 198 .101 .127 .143 4.5 x 104
IG4105  Notched 59 268 .148 .210 .238 3.78 X 104

Structural Component 80 345 .088 .106 .121 4.07 x 104
Full-Scale Structure 30 135 .176 .207 .235 3.71 x 104

Unnotched 36 159 .244 .318 .362 3.16 x 105
105_106 Notched 33 178 .356 .426 .472 3.49 x 105

Structural Component 99 457 .137 .165 .186 3.11 x 105
Full-Scale Structure 23 92 .169 .205 .237 3.77 x 105

Unnotched 6 30 .657 .678 .758 2.6 x 106
1 Notched 18 114 .484 .541 ý590 3.09 x 106
10"10 Structural Component 28 158 .228 .266 .294 3.05 x 106

Full.-Scale Structure 5 17 .115 .147 .174 2.72 x 106

>107 Unnotched 5 43 .567 .705 .750 2.52 x 108
Notched 12 96 .502 .634 .678 1.21 x 10'

8Ii
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TABLE 20

FATIGUE TEST LIFE SCATTER - STANDARD DEVIATIONS
Spect.,um Tension-Tension akid l r•!on-Compresslon Loading

Range Specimen k Fn S 0 0 N
___ dye!

10- io Unnotched 5 19 .185 .237 .276 7.800
Notched 6 19 .067 .092 .111 2,700

Unnotched 22 199 .139 .154 .163 4.52 x 104
Notched 91 628 .060 .072 .077 5.01 x 10'
Structural Component 13 81 .091 .104 .113 6.55 x l04

Full-Scale Structure 12 42 .148 .193 .228 5.65 x 104

Uknotched 43 403 .141 .155 .164 3.88 x 105
105_106 Notched 125 936 .098 .136 .146 3.11 x IO1

Structural Component 20 128 .098 .125 .137 5.49 x 105
Full-Scale Structure 10 104 .164 .178 .187 4.73 x 105

Unnotched 33 335 .262 .261 .275 3.2 x 1 C
106_-07 Notched 26 178 .137 .181 .196 2.72 x 106

Structural Component 15 86 .120 .155 .170 4.77 x 106
Full-Scale Structure 13 56 .144 .167 .190 3.68 x 10c

Unnotched 9 74 .497 .472 .504 2.3 X 107
>107 Notched 5 24 .315 .347 .390 4.44 x 107

Structural Component 4 26 .121 .122 .133 2.02 x 107

I1
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rFpiijuk iLHb i LIM LUtttit.LMWI Ut WWIJ(AALFM, Lv

Constavt Amplitude Spectrin

Specimen k nOnk NaevekE
'~n- iav Cy- 'v 'V

a Utnnotched 7 301.h.0S,•oc•9 .z53 323 .101. . .

a- Notched 41 191 .145 53 053 - - -

Structural Component 17 73 .664 50 'zo - - - -
4M Full-Scale Structure 9 32 .309 447 6117 - - - -

W'notched 20 76 .163 4,880 1.044 5 19 .276 7,800 .071
Notched 64 270 .169 4.200 .047 6 19 .111 2,700 .032
Structural Component 58 257 .169 4,380 .046 ..

S: Ful I-Sci , Structure 24 102 .298 3.940 .083 - -

. % U.1notched 4.5 xlO .031 22 199 .163 4.52004 .936
Nutched 59 268 .238 3.78x14 .052 91 I2B .077 5.01Ox10 .016

a' Structural Component 80 345 .121 4.07x10" .026 13 81 .113 6.55x10" .023
t• Fm;l-Scale Structure 30 135 .23511,71x10 .052 12 42 .228 5.65x10" .048

Unratched 36 159 .362 3,I6x10~ .066 43 3 .164 3.88,105 .029
Notched 33 178 .472 3.49xIOs .085 125 36 .146 3.11100 1

'-Full-Scale Structure 23 I92 .237 3.77xiO 5 .043 10 04 .187 4.73100- .0.33

0 Un&-tched 6 30 .70 2z6 006 .118 33 35 .275 3.2 066 .042

' Notched 18 114 .590 3.09x10 .091 26 78 .196 2.724106 .030
Structural Component 8 158 .294 3.05Ax06 .045 15 86 .170 4.77,106 .025

Si Full-Scale Structure 2.7?x]06 .027 13 56 .190 3.68x10' .029

D U-notched 5 43 :750 2.52x10 .089 9 74 ,5at 2.3 X1O7 .068
A , kthd 12 .6 678 1.21xiO .084 5 24 .390 4.44x107 .051

SStruct-iral Cooen- - - - 4 26 .133 2.,10? C018
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TABLE 23 V
FATIGUE TEST LIFE SCATTER DISTRIBUTION

Constant Amplitude Loading - Notched Specimen

[(1og4H -'gTA)x No. of Spetimen in the Life (Cy:le) aid Devirition Rango

-2.0 to -1.9
1.7 -1.6 1
-1.6 -1.5 2
-1.5 -1.4 2
-1.4 -1.3 2 1
-1.3 -1.2 1 4
-1.2 -1.1
-1.1 -1.01
-1.0 -0.9 1 11Ii -0.9 -0.84

-0.8 -0.7 1 1 3 23
-0.7 -0.6 1 8 8 4 1

-0.1 -0.0,5 57 01

-0.6 -0.5 6 8 6 6 2 .3
-0.1 -0.4 2 36 I 3 a 2 3

I -. 4 -0.3 1 3 8 98 4 2
0.3 -0.2 9 4 10 7 i 2

4 -0.1 5 27 36 3

-0.5 -0.6 557 2 40 14 5

0.6 0.1 16 87 6 2o 13
0.1 0.8 1 19 l | 7

0.8 0.9 13 24 9 22

0.3 0.4 010 7
1.4 0. 11

1.1 0.2 2 2 2

0 .7 0.8 1135
S0.8 0. 1 4 4 2

1.2 1.3 1
1.4 i' 2 1S1.5 1.6,i.i 1.7
16 1.6 2

2."2 to 2.3l1

In1  191 270 268'4
: -.- -
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FATIGUE TEST LIFE SCATTER DISTR BUTION

Constant Assl1itudp Loading !- :.truct-.ral Compnents

[O ~gtj-TOO i)x No. of Specimen.In the Life (cycles) and Deviation Range
--T)J 3 102103 11 _10 1014-106 105-106 106-i07

-2.1 to -2.0 2S-1 .5 -1.41

-1.4 -1.3 3
-1.3 -1.2 1
-1.2 -1.1 1

-1.0 -0..
-0.8 -0.7 1 1

-0.7 -0.6 1 2 3
-0.6 -0.5 1 1 2
-015 -0.4 1 1 1 3 4
-.1,4 -0.3 21 3 1512
-0. 3  -0.2 6 11 30 10
-0..2 -041 8 34 46 $a 24

-a' -0.0 10 1 79 106 123 33

0.1,1) 0.1 14 93 112, 123 28
0.1 0.2 4 24 49 51 13
0.2 0.3 5 12 13 28 7
0.3 0.4 1 2 1 12 6
0.4 0.5 2 1 1 4 5
0.5 0.6 2 1 2 5
0.• 0.7 2 1 2 1
il.7 0.8 4 1
0.8 0.9 2 1 3
0.9 1.0 3 1
"1.1 1.2 11
1.2 to 1.3 1

En1  73 257 45457 158

............-
J .: . ,-; •

S. . . .-W,• .,



TABLE 25

FATIGUE TEST LIFE SCATTER DISTRIBUTION
Constant Amplitud& Loading - Full-Scale Structures

[(logp 1,-e---ix No. of Specimen in the Life (Cycles) and Deviation Range
-I -?.' n -LZ 102-10_ 1010o1, -1 ioog-14 j o-107

1. o-0.7 1

-0.7 -0.6 1 4 1
-0.6 -0.5 2 1 1 2
-0.5 -0.4 3 4 5 2
-0.4 -0.3 1 6 9 6 1
-0.3 -0.2 1 5 5 5 2
-0.2 -0.1 3 8 20 9
-OJ -0.0 2 11 20 17 6

0.0 0.1 9 25 23 20 4
0.1 0.2 2 10 27 15 2
0.2 0.3 1 12 11 7 A 2
0.3 0.4 3 9 7 3
0.4 0.5 3 3 2 1
0.5 0.6 .I 1
0.6 0.7 1 2F 0.7 to 0.8 1 _ __ _ __ _-

zn1  32 102 135 92 17
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TABLE 26

FATIGAE TEST LIFE SCATTER DISTRIBUTION
Spectriu Loading -. Unnotched Specimen

[•tGP-j-Wi)x No, of Spcirmen In the Life (Cgcles) and Deviation Range

A/ChA10",10 10,,.103 I1-1_05 105_107 3107

-1.5 to -1.4 1
-1.4 -1.3 1
-1.1 -1.0 1
-1.0 -0.9 1 1 1
-0.9 -0.8 2
-O..3 -0.7 1 1
-0.7 -0.6 2 5 1
-0.6 -0.5 2 2 1 2 2
-0.5 -0.4 1 4 132
-0.4 -0.3 1 6 20 2
-0.3 -0.2 1 3 31 24 9
-0.2 -0.1 3 16 45 42
-0.1 -0.0 4 66 113 69 6

0.0 0.1 1 74 109 49 16
*I 0.1 0.2 6 21 49 423

0.2 0.3 5 29 32 6
0.3 0.4 1 3 13 17 3
0.4 0.5 3 1 7 2
0.5 0.6 1 1 5 t

0.6 0.7 1 3 1
0.7 u.l 3
0.9 1.0 1
1.0 1.1 2
1.1 1.2 1 1
1.7to 1.8 1

rni 19 199 403 335 74

901
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TABLE Z't

FATIGUIE TEST LIFE SCATTER DISTRIBUTION
Spectruml Loading - Notched Specimen

[((ogNj-iigIj)x N o._~f Spaclmen in the Life (Lycles and DeviationRa~ ý
104_105j 10_J 00310 07io

--. -0.8 1~ 1
-0.8 -U,'.2
-0.7 -0.6 11
-0.6 -0.5 111
-0.5 -0.4 2 5 2 1
-0.4 -0.3 1 10 3 3
-0.3 -0.2 1 2 28 14 2
-0.2 -0.1 2 31 100 18 3
-0.1 -0.0 a 279 317 50 .1

0.0 0.1 6 280 317 54 4
*0.1 0.2 1 28 95 15 1

0.2 0.3 3 32 9 3
0.3 0.4 1 16 3
0.4 0.5 1 54

0.6 0.7 1 3 2 1
0.7 0.81I
0.8 to 0.9

I n'i 19 628 936 178 124



TABLE 28

FATIGUE TEST LIFE SCATTER DISTRIBUTION
Spectrum Loading - Structural Components and Full-Scale Struct.ures

((l~gti4 l N-- No of Specimen in the Life (fPy1 !$) and Deviation Rane[ 09 ........ -- ~ c i~ -[ ,•- •* kt .... .A1l A_ r~ . Str..At M L
0!(10v) 10-100 I0s-1 10 - ;107 > 10 i010 -10.106 u0-V1i0

-0.9 to -0.8 1
-0.? -0.6
-o.b -0.5 1 1 2
-0.5 -0.4 3
-0.4 -0.3 2 2 2 4
-0.3 -0.2 4 4 1 1 1 6 4
-0.2 -0.1 8 18 15 5 7 13 10
-0.1 -0.0 31 41 29 7 4 20 11

0.0 0.1 26 43 21 7 14 26 11
0.1 :).2 7 17 10 4 6 20 6
0.2 0.3 4 3 2 2 1 8 6
0.3 0.4 1 2 3 3 30,4 0.5 1 2 2 10.5 0.6 1
0,6 to 0.7 1 _

81 128 86 26 42 104 56

gi

I nU

I;I
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[ 1 TABLE 29

GROUPING OF TEST DATA ACCORDING TO THE STANDARD DEVIATION MAGNITUDE

IISn Range ar n NLoadi ng Specimen

. 628 104-105 Spectrum Notched

.111 6 19 1i3-104 Spectrum Notched

.113 13 81 104-' 1 Spectrum Structr. Comp,

.121 80 345 10-4105 Const. Ampl. Structr. Comp.
.077-.150 .133 4 26 S, ectrum Structr. Coup.

.137 20 128 10s-106 Spectrum Structr. Conmp.

.143 54 198 10_-10i Const. Ampl. Unnotched

.145 ,1 191 102-103 Const. Ampi. Notched

.146 125 936 105-106 Spectrum Notched

Total .127 434 2.552
.163 22 199 104-10 Spectrum Unnotched

163 20 76 "i03-105 Const. Afmf A. Unnotched
.164 43 403 ]O5-O6 Spectrum Unnotched
.169 64 270 103-105 Const. Ampi. Notched
.169 58 25Y 103-104 Const. Amp1. Structr. Comp.

.150-.200 .170 15 86 10-:107 Spectrum Structr. Comp.
.174 5 17 106-107 Const. Aupl. Full-Scale
186 99 457 0-1 Const. Ampl. Structr. Coup.

.187 10 104 is -106 Spectrum Full-Scale

.190 13 56 106-107 Spectrum Full-Scale
.196 26 178 106-107 Spectrum Notched

Total .175 375 2,103

.228 12 42 104'105 Spectrum Full-Scale

.235 30 135 I0-105 Const, 'tpl. Full-Scale

.237 23 92 105-106 Const. Ampl. Full-Scale

.238 59 268 I04-105 Const. Aqpl. Notched
.200-.300 .253 7 30 102-103 Const. Amp1. Unnotched

.275 33 335 106-'J07 Spectrum Unnotched
276 19 10-_104 Spectrum Unmnotched

.294 28 158 106-1Q7 Const. Amp1. Structr. CoWp.
24 102 0•-110 ,Const. Ampl. Full-Scale

Total .263 221 1,181
.309 9 32 102-103 Const. AWpl. Full-Scale
.362 36 I-I Const, Amp). Unnotched
.390 5 24 IU7  Spectriom Notched
.472 33 178 105-106 Const. upl. Notched

S.300-.758 .504 9 74 :-10 Spectrum Umatchad
.590 18 114 106-'10 Const. Ampl. Notched
664 17 73 102_103 Const. /fnpl. Structr. Coup.

.678 12 96 107  Const. Pmpl. Notched

.750 5 43 3107 Const. Awl,. UnnotchedI580 -I0• Const. pA_ . Unnotched

Total .48 150 823

~- ' ~
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